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Foreword
COST Action C25 “Sustainability of Constructions - Integrated Approach to Life-time Structural Engineering” is celebrating its midway in Dresden, Germany on the 6th and 7th of October,
2008. The timely and ambitious objectives have inspired Members from 26 countries: Austria,
Belgium, Croatia, Czech Republic, Cyprus, Denmark, Finland, fyr Macedonia, Germany,
Greece, Hungary, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland,
Portugal, Romania, Serbia, Slovenia, Sweden, Turkey and United Kingdom. Close to one hundred Management Committee (MC) delegates and Working Group (WG) members have been
nominated, who represent different fields of expertise, different cultures, different approaches
and different visions of the society and of the world. Also, one project of EC Joint Research
Centre has joined the Action. All in all, Action C25 is one of the largest Actions in the Domain
of Transport and Urban Development (TUD).
The main objective of the Action C25 is to promote science-based developments in sustainable
construction in Europe through the collection and collaborative analysis of scientific results
concerning life-time structural engineering. It is especially interested in integrated approaches of
life-cycle assessment methods for constructions. In accordance with the Memorandum of Understanding, three Working Groups were created and cover the three main areas of the Action:
“Criteria for Sustainable Constructions”, “Eco-efficiency” and “Life-time structural engineering”.
The Seminar main topics cover an extensive scope of up-to-date issues and the contributions received from the delegates reflect critical research and the best available practices in the sustainable construction field. The book of Proceedings is organised in five chapters where the main
work that is being performed in the Action is summarised.
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Chapter 1 is an introductory chapter where the integration of methods, tools and skills to handle
data and knowledge from various domains towards “Sustainability and life-time structural engineering” is approached as the framework to guide the future work of the Action.
In chapter 1 are also gathered the contributions from the invited keynote lecturers that give other
perspectives on the approaches to sustainable design and construction.
Chapter 2 summarises the work that is being undertaken by working group WG1 “Criteria for
Sustainable Construction”. The achievements obtained in the theoretical study and on the criteria for sustainable constructions reported in this Seminar are an important step forward. WG1
have come far already, however, the ultimate goal is still not fully reached yet. The achievement
of a global method for the assessment and evaluating of the sustainability of constructions over
the whole life cycle still encounters many problems, especially if it is seen from a scientific perspective. The survey on the different approaches towards sustainability assessments carried out
amongst a number of member states show that there are still big differences. A lot of work remains to be done on the harmonization of the used methods and approaches. Perhaps the further
development and integration of LCA in rating systems is a good practical way to get closer to a
widely acceptable global method.
Chapter 3 focus on “Eco-efficiency” and discusses solutions for the improvement of the environmental performance, energy performance and comfort in buildings through the use and the
integration of innovative systems in construction. Contributions from the members of working
group WG2 addresses relevant attention to the assessment of existing and innovative materials,
products and processes, with the aim of achieving the goals of a reduction in material consumption, decrease in the waste generated, decrease in emissions and reduce energy consumption.
Chapter 4 focus on the “Life-time structural engineering” and addresses the questions if a chosen design life can be achieved with reasonable certainty due to the unique character of each
structure. The relationship between materials used for structure, the components and the structure itself is often complicated and this lead to variability in the design of the structure, the environment in which the structure is built and required to operate and on social aspects.
Each construction, during its life cycle, will face with degradation depending on several factors
such as the environmental condition, the natural ageing, the quality of the material, the execution of the works and the planned maintenance.
Current structural design codes contain general performance criteria. However, comparable performance criteria are required, in the context of durability and technical life. The service life
prediction methods and durability of construction have been deeply investigated in the last
years.
In this context, the papers within the working group WG3 show the advances of the activity performed in the second year of the action. The papers are concerned with different issues of lifetime structural engineering and are aimed at providing a common basis for the further developments of deliverables.
Chapter 5 deals with “Case-studies” and include guidelines to perform Life Cycle Analysis of
buildings and bridges that were specifically developed in the framework of the Action. These
guidelines represent one major achievement of the collaborative work developed by delegates
from several countries. In both guidelines the parameters for the Life Cycle Analysis were defined as well as specifications for performing the life cycle environmental analysis, life cycle
performance analysis and life cycle cost analysis. The application of these guidelines to perform
LCA of bridges and buildings is still starting but it is expected that with its further application to
all C25 case-studies can take practical work and studies another step forward.
The organisers hope that this initiative will promote further the sustainability of construction industry and the built environment, consequently, contributing to further sustainable development
of the participating countries.
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Chapter 1
SUSTAINABILITY AND LIFE-TIME STRUCTURAL
ENGINEERING
Chair: Luís BRAGANÇA (braganca@civil.uminho.pt)
Vice-Chair: Heli KOUKKARI (heli.koukkari@vtt.fi)

Integration – the key and the way towards life-time engineering
Heli Koukkari
VTT Technical Research Centre of Finland, Espoo, Finland

Luis Braganca
University of Minho, Guimarães, Portugal

ABSTRACT: The real estate and construction sector is in change that is mainly driven by increasing requirements concerning the performance of constructions during their whole life-time:
the overall performance of buildings and constructions need to be managed from cradle to
grave, and with a great emphasis on customer and user needs.
The true success of the change in relation to demands depends largely upon management of
innovations and processes. Methods, tools and skills to handle data and knowledge from various
domains have become crucial. In order to have a reliable basis for new practices, research and
higher education need to work on science-based approaches. This concerns all aspects from prediction of safe life-time of constructions to methods of integration.
This paper gives an overview of relatively new disciplines – like simulation-based engineering science – and technologies – like Building Information Modelling – that can be applied to
support life-time engineering through integration and synergy.
1 INTRODUCTION
Sustainability is fundamentally a concept that brings along needs for learning, working and research across boundaries. In order to guarantee true progress in the construction and real estate
sector, knowledge from various scientific traditions are to be combined and new integrative
methodologies to be established. New conditions will affect ways of communication as well as
the fields of professions.
The concept of sustainable construction aims at integrating the objectives of sustainable development into the construction activities. It is generally understood in relation with the environmental performance of products and assets (environmental sustainability). According to the
report by the EU’s Taskforce for Sustainable construction (Lead Market 2008), the concept
should refer to a balanced economical, ecological and social approach. This formulation comprises three bottom-line dimensions of sustainability - or “three pillars that are people, planet
and profit”. In addition, each pillar should be considered from the life-time points of views.
In the Agenda 2001 of the EU Working Group on Sustainable Building (Agenda 2001), Performance Based Building was listed as an emerging area to be funded. The European PeBBu
network together with CIB, International Council of Research and Innovation in Building and
Construction has studied and promoted this approach. Several points of views are recognized
that relate performance-based approach to sustainable construction, e.g. Trinius et al (2005) emphasize the importance of service life design and Lützkendorf et al (2005) state that performance approach can be used in every phase of a building’s life-cycle.
Spekkink (2005) describes the performance-based design as follows: “Designers have to deal
with systematic interrelations between different performance specifications, which often relate
to different fields of expertise. Thus, the performance-based approach calls for integral design,
with parallel, inter-related contributions from all design disciplines involved.” Needs to understand human behaviour – and to model it – are obvious for example in relation to accessibility,
consumption of energy and water, indoor climate, noise, vibrations, emergency and evacuation
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planning. Comfort, convenience and experience are an essential part of customer-oriented design and building.
When sustainability is considered, needs to integrated approaches are recognized not only in
the building and construction projects, but also in education, applied sciences and product development. According Kohler & Hassler (2002), the management of building stocks cannot be
improved without taking into account the interrelations between economic, physical, social and
cultural aspects, and thus research efforts should be directed to the integration of different
views.
A scientific debate is ongoing about the level of the integrated methods, which highlights the
difficulty of the area. In the EC Workshop (2007) on Sustainability research, Bijker from Univ.
of Maastricht argued that inter-disciplinarity is risky business for scientists (due to evaluation
structures and publication possibilities) and stands the best chance when it is acknowledged that
science requires strong disciplines as a basis for interdisciplinary engagements. However, possible scientific problems are regarded as less important in practice where there are true needs to
understand and manage complex relations (figure 1).
ECONOMY
- Investments
- Building costs
- Life-cycle-costs
- Taxations

Process
performance

ECOLOGY
- Raw materials
- Energy
- Environment
- Waste
- Biodiversity

Social
performance

CULTURE
- Building traditions
- Life-styles
- Business
- Aesthetics
- Architecture
- Image

Economic
performance

LIFETIME PERFORMANCE

Technical
performance

LIFETIME QUALITY
a)

Functional
performance

Major Performance Categories

Environmental
performance

HUMAN CONDITIONS
- Functionality
- Health
- Safety
- Convenience

b)

Figure 1. a) Knowledge from various sources in life-time engineering of bridges (modified from
Söderqvist et al 2005), and b) Aspects of performance-based design (Lützkendorf et al 2005)

The aim of this paper is to serve as a work document of the COST Action C25 in development of integrated methods of life-time engineering, and introduce problems and methods related to the multifaceted issue of “integration”. Methods of integration comprise collaborative
learning and working methods as well as new approaches to link, combine and handle information and data from various disciplines. It is obvious that modern computing technologies and
software play an essential role in the evolution and usability of integral methods. The subject
will be dealt in the three areas: science-based R&D, simulation-based engineering and performance-based building.
2 SCIENCE OF INTEGRATED APPROACHES
Engineering sciences are very much about integration: they are dealing with actions and reactions or impacts and responses, and on both sides of these pairs, different scientific methods are
applied. As an elementary example of integrated methods can be given those of structural safety
that combine empirical and statistical information from meteorological data, material properties
and structural experiments, and use mechanics and reliability analysis in modelling the performance and further development of design methods (Figure 2). Similarly, knowledge on material
properties and on climatic variables is needed to predict the thermal and moisture behaviour of
structures. The climatic models are also important in modelling energy consumption or degradation of materials.
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Figure 2. Elementary example of an integrated method.

At a very general level, scientific methods are categorized as quantitative and qualitative ones,
and they are in common characterized with pairs of words like objective - subjective, deductive
- inductive, galilean – aristotelic, explanation – understanding. However, the differences can be
regarded as fuzzy (Lele et al 2005).
The use of various methods in one study is called “triangulation”. The term comes from the
land-measurements that applied rules of angles and side lengths of a triangle. Reasoning for the
triangular approach is that the problem can be explained better with results from various perspectives. Denzin (1978) has divided triangulation to four classes:
- Material of a study can be collected from various sources and represent various physical
forms or expressions.
- When several scientists work on the same problem, they have to communicate well about
all scientific issues.
- Various theories can be applied at the same time to one object.
- Various methods to collect material and analyse it can be applied to study one problem
from various points of views.
Triangulation is an essential part of the development of disciplines. It can be said that usually
one discipline applies many methods. On the other hand, a scientific debate concerns benefits
and appropriateness of triangulation as there are risks of conceptual misunderstanding and acceptance of conflicts. The application of triangulation principles to the integration of scientific
methods can result in a scheme like the one that is illustrated in Figure 3.
Techniques to collect
the material
Techniques to describe
the material

Quantitative methods
Data (and information)

Qualitative methods
Information (and data)

Techniques to analyse
the material

Analysis

Analysis

Theory, literature

Results

Results

Handling, interpretation, assessment and argumentation of results
Techniques to conclude

Assessment of the research

Conclusions, explanations and predictions

Figure 3. Triangulation of various quantitative and qualitative methods.

1.3

In general, a scientific research method comprises the following techniques (Niiniluoto
1980):
1) Techniques to collect the research material, like theory to plan experiments, sampling theory, use of literature, source critics, external observation, participative inquiry, action research,
ethnography, systematic test, measurement, interviews etc.;
2) Techniques to describe the research material, like classification of qualitative material,
codification, thematic cards, arrangement of data, statistical identification, methods of system
theory, graphics, pictures;
3) Techniques to analyse the research material, like quantification, like statistical methods,
factor analysis, multi-variate methods, themes, discursion analysis, conversational analysis;
4) Techniques to conclude: like theory of statistical tests, decision-making theory, causal
analysis.
Various approaches can be applied to plan and conduct an integrated project. Definitions of
scientific approaches are presented in the following scheme (Figure 4).

Figure 4. Definitions of multi-disciplinary approaches (Tress 2005).
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Bammer (2005) argues that there is a need and time for a new Integration and Implementation
Science, whose theoretical and methodological foundations will be:
• Systems thinking and complexity science, which orient us to looking at the whole and
its relationship to the parts of an issue.
• Participatory methods, which recognize that all the stakeholders have a contribution to
make in understanding and, often, decision making about an issue.
• Knowledge management, exchange, and implementation, which a) involve appreciating
that there are many forms of knowledge and ways of knowing (diverse epistemologies),
b) provide enhanced methods for accessing knowledge, realizing that both volume and
diversity are current barriers, and c) involve developing better understanding of how action occurs - in other words, how policy is made, how business operates, how activism
succeeds, and how action is and can be influenced by evidence.
Similar thoughts are presented about the necessity to establish a “Sustainability Science”; a
quarterly journal with this title was established in Japan in 2006 that is related to collaborative
efforts of several Japanese universities. The needs to understand relations inside complex systems and between them have on the other hand led to demand for integrated analysis, and on the
other had increase of computing capacity has offered possibilities to develop studies on complex
systems in nature, society and science. More often, system theory and system approaches are
highlighted as a framework to analyze and/or describe complex relations and results from these
relations.
A holistic and integrated approach means that a large number of variables affecting each others and the overall system will be considered, with probabilistic and reliability studies. In a real
integrated project, advanced mathematics is usually the backbone of methodology. An example
of various mathematics and techniques in development of life-cycle management programme
“Lifecon LMS” is presented in figure 5.
CLASSIFICATION OF
ENVIRONMENTAL LOADS
- Load parameters
- Quantitative Classification
- National parameters

RELIABILITY BASED
METHODOLOGY
- Generic reliablity
- Generic methodology

CONDITION ASSESSMENT
PROTOCOL
"LifeCon Cap"

GENERIC
TECHNICAL
HANDBOOK
"LIFECON LMS"
- Framework
- Process
- Procedures

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

ICT TOOLS

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

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

Figure 5. Roles of mathematics in a life-cycle management programme LMS (Söderqvist et al 2004).

In research related to sustainable development, methods of “futuring” are of great importance,
and add one dimension to the complex context. The methods to watch trends give us the way to
“convert knowledge of what has happened in the past into knowledge about what might happen
in the future” (Cornish 2004). Examples of applications can be found e.g. in European projects
concerning energy issues like modelling of energy use in the building stock in ECONER (Kohler et al 2002), road-mapping R&D on performance-based building in PeBBu (Foliente et al
2005) and scenarios in the NEEDS (EC DG Research 2007)
3 PERFORMANCE-BASED DESIGN AND BUILDING
Methodologies to manage construction projects from design to use are nowadays of greater importance than ever due to increasing complexity of buildings and building processes, rapid
changes of user needs and market environment, goals of sustainable development and demands
for faster delivery schedules. For the management of the buildings performance, the value tree

1.5

analysis offers a logical way to organize the various performance objectives, to evaluate their
value and relations, to generate technical criteria and potential solutions and to incorporate rating and verification methods in the framework (Figure 6).
REQUIREMENTS
Aconformity
A1LOCATION
A2 SPATIAL SYSTEMS
A3 SERVICES

ENVIRONMENTAL PRESSURE

B performance

owner
user
society

B1INDOOR CONDITIONS
B2 SERVICE LIFE
B3 ADAPTABILITY
B4 SAFETY
B5 COMFORT
B6 ACCESSIBILITY
B7 USABILITY
C life cycle costs and environmental
pressure

PERFORMANCE
DESIGN
CONSTRUCTION

USE AND MAINTENANCE

C1 LIFE CYCLE COSTS
C2 ENVIRONMENTA PRESSURE

COSTS

Figure 6. From objectives towards evaluation – the VTT approach to Performance Based Building.

The building performance analysis from the point of view of fitness for use, or fitness for
purpose, consists of the following steps
- Gathering qualitative objectives of a building and its immediate surroundings
- Defining the performance objectives to levels so that corresponding technical solutions can
be designed
- Selection of evaluation methods, including environmental assessment and cost estimations.
Based on the hierarchy of performance objectives and their targeted qualities, alternate design
and technical solutions can be developed. The capability of different solutions to fulfil the performance criteria can be studied with verification methods. Verification methods are nowadays
most often various simulation programs which handle large input data and use theoretically
sound formulae.
According to the report of National Science Foundation (the U.S.A), simulation-based engineering science is defined as the discipline that provides the scientific and mathematical basis
for the simulation of engineered systems. According to the NSF Report (2006), it “fuses the
knowledge and techniques of the traditional engineering fields with the knowledge and techniques of fields like computer science, mathematics and the physical and social sciences. As a
result, engineers are better able to predict and optimize systems affecting almost all aspects of
our lives and work, including our environment, our security and safety, and the products we use
and export.”
Simulation-based engineering sciences are the basis to sustainable construction technologies
and operation of facilities. Modelling and simulations are already extensively used in some areas like structural and fire safety of structures. In the future, various models and simulations will
be integrated and the scale of multiple sub-systems will be greater.
The previously mentioned NSF Report (2006), models of “Digital City” are possible although
it would require the acquisition of static and dynamic data of unprecedented detail. A logical extension of the Digital-City concept is that of the Digital Ecosystem, which may be artificial
(such as a city) or natural (such as a forest, watershed, continent, or even the entire planet).
However, a great amount of research must pioneer the way to these visions. The following are
listed in the Report as a few of the areas requiring development:
• Quantitative models of the processes to be simulated must be developed. For many of those
processes, models of some level of fidelity already exist, or they are being developed for
narrower engineering purposes. For example, we lack sociological models that can help us
describe or predict the response of populations to crises. In addition, we need better models
for the evolution of natural ecosystems such as forests or lakes.
• A comprehensive simulation system is required that integrates detailed models of a wide
range of scales. Some of the issues are generic, but others are problem specific.
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• New models of exceptional fidelity are required. The development and validation of such
models entail the acquisition of data of extraordinary detail. As a result, the development of
the Digital City and Digital Ecosystem will inevitably put pressure on the experimental sciences and theoretical research to meet the demand for copious data. Furthermore, the realtime simulation of some applications will drive developments in sensors and the communication infrastructure, both of which must support streams of data. In addition, we need to
develop the simulation techniques that can accommodate the data streams.
• A better understanding of the role of uncertainty is required. Some degree of uncertainty is
inevitable in the ability of a model to reflect reality and in the data the model uses. We
need to find ways to interpret uncertainty and to characterize its effects on assessments of
the probable outcomes.
Modelling and simulation of building have been developed in many fields. Also, many combinations have been established for integrative modelling which is explained by Clarke (2001)
from energy simulation points of view: “The aim of integrative modelling is to preserve the integrity of the entire building/plant system by simultaneously processing all energy transport
paths at a level of detail commensurate with the objectives of the problem in hand and the uncertainties inherent in the describing data. To this end, a building should be regarded as being
systemic (many parts make the whole), dynamic (the parts evolve at different rates), non-linear
(the parameters depend on the thermo-dynamic state) and, above all, complex (there are myriads
intra- and inter-part) interactions. To achieve high modelling integrity, a simulation program
aims to preserve these intrinsic characteristics.”
The modelling and simulation are used also to analyse the condition of a building stock in an
area, suburb, city or a country. In a model, typical buildings are rated for specific annual energy
consumption per m2, and then the surface of each age-class is multiplied by the specific annual
energy consumption to predict the overall consumption (Kohler & Hasler 2002). Validation of
these models can be achieved by comparing the sum of estimated consumption to the statistics.
Virtual reality (VR) and simulation technologies used for visualisation support digital communication during the construction process, and of the expected results to customers and occupants. Visualisation of construction projects allows customers and users to get a look and feel
for the construction before it is actually built. During the construction process, designs can be
improved, and clashes and inconsistencies can be examined and eliminated. Furthermore, these
technologies improve cooperation as non-technical staff and end-users can understand the project in a better way than simply looking at drawings and designs.
Clarke (2001) gives an excellent example of the communication capacity of integrated modelling and visualization using ICT: based on simulation technologies, the distribution of properties of air in 3-D of a room can be calculated. On the other hand, the limit values have been got
from other fields like medical or behavioural studies. Comparing these two sources of data,
simple drawings can be produced to show the areas of satisfactory or unsatisfactory performance of facilities.
Decision-making becomes more complex when the context moves from product/material
level to whole building to whole site development or portfolio of buildings scale, and when the
key variables increase. The availability of technology-based decision-making tools alone is no
longer sufficient to predict outcomes at higher levels of complexity; the influence of human decisions, behaviour and actions, and the dynamic relationships between and among ‘actors’ and
physical systems need to be explicitly taken into account. This means that performance models
based on complex systems need to be employed for both scenario planning and evaluation. This
would allow practical applications of the performance concept beyond buildings and into the
wider context of development (Becker et al 2005).
The same situation happens in the service life design where the scale of verification of durability extends from simplistic design conditions to statistical models. The simplest approach to
try to achieve targeted years of service life is to follow simple design rules. The opposite approach is performance based design that would use mathematical and theoretical models for durability, for which methods are under development.
In design, the definitions related to durability are often selected based on the ISO standard
15686, and the most important of them are the estimated service life and reference service life of
component: estimated service life depends upon the reference service life together with seven
multiplying factors. The stochastic nature of the service life may be taken into account in the
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reference value. The quality of manufacture, design and construction, environmental conditions
as well as use and maintenance are taken into account with the multiplying factors but they may
also be included in a service life model.
In decision making, the estimated service life is evaluated against the target or limit that has
been defined either from structural, economic or aesthetic points of views. The reliability of service life design is greatly dependent on the methods to define the reference service life or the
durability models and values chosen for the multiplying factors.
It is expected that the integration and synergy of the new disciplines needed to support lifetime engineering and performance-based design and building can only be managed through the
use of new design tools and methodologies like Building Information Modelling (BIM).
Building Information Modelling provides the potential for a virtual information model to be
handed from design team to contractors and the owner, each adding their own additional discipline-specific knowledge and tracking of changes to the single model. BIM (Kiviniemi et al
2007) is an object-oriented AEC-specific model, a digital representation of a building, to facilitate exchange and interoperability of information in digital format. The model can be without
geometry or with 2D or 3D representations. The result is anticipated to greatly reduce the information loss that occurs when a new team takes "ownership" of the project as well as in delivering extensive information to owners of complex structures far beyond that which they are currently accustomed to having. BIM covers geometry, spatial relationships, geographic
information, quantities and properties of building components (e.g. manufacturers' details). BIM
can be used to demonstrate the entire building life cycle including the processes of construction
and facility operation. Quantities and shared properties of materials can easily be extracted.
Scopes of work can be isolated and defined. Systems, assemblies, and sequences are able to be
shown in a relative scale with the entire facility or group of facilities.
BIM design method goes far beyond switching to a new software. It requires changes to the
definition of traditional architectural phases and more data sharing than most architects and engineers are used to. The potentialities are enormous but its development is still very young and
the effective use of integrated BIM for information share requires open standards.
Current development work of the life-cycle assessment methods concentrates to establishing
links between LCA software tools and design tools. The analysis software utilises object orientated CAD data along with life cycle, embodied energy and detailed climatic data to create an
individual lifetime profile for a building design (Figure 7). Users are able to modify their design
to explore different life cycle energy scenarios through material choice, orientation and layout.

Figure 7. Australian development of the interaction of CAD designs and LCA with respect to energy
(Drogemuller et al. 2002).

1.8

4 CONCLUDING REMARKS
Needs for integrated approaches are increasing in the construction and real estate sector. Purposes of integration are in common to support risky decision-making at various levels of organisations and at various phases of processes. Due to the complexity of interacting systems and requirements to manage life-cycle issues, the design processes are adopting highly digitalised
practices. This means e.g. simulation and building information modelling. Physical simulation is
becoming available for every-day practices and models and physical models of human behaviour are linked in R&D. The importance of reliability and risk analysis is essential in integrated
approaches.
The needs of sustainable development have led to a completely new scientific approach, “sustainability science” that is characterized by integration. During the last decade, an increasing
number of publications and journals is dealing with problems of integrated approaches. Although some doubts have been presented about the quality of integrated sciences, there are reasons to believe that modern ICT technologies offer possibilities to even raise the level of basic
sciences parallel to the combined efforts. The needs to understand the real phenomena affecting
human life and nature as well as the reliability of knowledge are drivers of high-level scientific
work. This argument is valid for constructions.
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From Theory to Practice – From Practice to Theory
Two sides of the Same Coin
Alexandros N. Tombazis
A. N. Tombazis and Associates Architects Ltd.

ABSTRACT: This presentation and paper is an English version of a lecture originally presented
at the Athens Concert Hall on 5 February 2008. It consists of two parts:
Part A is entitled: “Letter to a young architect”. It summarizes in form of a letter addressed to a
young colleague the architect’s basic convictions formed over the past 45 years. It addresses issues such as the nature of the architectural profession, sustainability and the protection of the
environment, buildings as living organisms, bioclimatic design, teamwork and dialogue in architectural design, the elements of which architecture is composed, the hidden golden thread of
creation, the notion of “less is beautiful” and much more.
Part B focuses on the presentation of the new Church of the Most Holy Trinity in Fatima, Portugal. The project is a result of an invited architectural competition held in 1997-98. The Church
was consecrated on 12 October 2007 in the presence of about 250.000 persons at the Sanctuary
of Fatima. The Church can seat just under 9.000 pilgrims. Its main praying area is comprised of
a circle of 125m diameter spanned through its centre by two parallel pre-stressed white concrete
beams. Its main bioclimatic feature is its roof.
1 PART A
Dear Colleague,
Please excuse this letter of advice; advice is easier to be given than received, and I am sure
that you have been given enough already. But even so, I feel it is a pity to waste some 50 years
of experience. So bear with me…
I am sure you don’t know what architecture is all about. Don’t worry, neither do I.
Remember that being an architect is much more than just having a profession. It is a preoccupation. It can also be extremely rewarding. But remember too, if you are here for the money, the
best thing you can do is to leave quickly before it is too late.
Remember that building, which is what Architecture is all about, means injuring our planet.
So, be gentle, tread lightly.
Remember that Architecture is all about inheriting from the past and passing on to future
generations.

1.11

Remember that Architecture is so broad that it has no end. That is the problem, but its beauty
too.
Remember that Architecture is all about the synthesis of art and techniques. You will have to
learn to live with a split personality.
Remember that in synthesis everything is happening at the same time, just as in a crossword
puzzle.

Figure 1.

Remember that technology is not a substitute, but an important support of rational and creative thinking.
Remember that Architecture is team work. For your ideas to be materialized, you depend on
others just as in music.
Remember that your ego can be built only on respect. Everyone is entitled to an opinion from
which you cannot but learn.
Remember that you must train yourself to have a clear mind in order to convey and a sure
hand in order to deliver.
Remember that Architecture is also all about responsibility. In this it differs from the other
arts.
Remember to look in each project for that important thread. Architectural design is not a linear progression. It moves from the whole to the part, but it is also a process of moving back and
forth till everything locks into place.
Remember that in Architecture you will need patience.
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Remember that practice should be guided by theory, but while theory can strive to be pure,
practice is built up on imperfections.

Figure 2.

Remember to learn from the why’s of everything from the past.
Remember to sense and feel the particularities and values of each place.
Remember to make climate your friend and not your enemy.
Remember that, further to just vision, there are many hidden dimensions in architecture.
Make use of them.
Remember that light is the soul of Architecture.

Figure 3.

Remember that each material has its own personality and requirements.
Remember that you will depend on the knowledge and needs of many other disciplines.
Remember that you already know a lot, but you still have even more to learn, for education is
an ever evolving process.
Remember the value of competition.
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And finally, remember to act like a giraffe. Keep your feet sturdily on the ground, your head,
brains and vision high up in the air, and your heart somewhere in between. You will need all
three all your life.

Figure 4.

Yours truly
2 PART B
In order to erect a Church for 9,000 pilgrims, the Sanctuary of Fatima in Portugal launched a
two stage international competition in 1997 between pre-selected architects.

Fig 5. View of Church on inauguration day

The new building has been set opposite the existing historic Basilica and in front of the Pastoral Centre at the south end of the 500X150m square with easy access for large numbers of
visitors. It thus creates a monumental axis which is further accentuated by the circular shape of
the new structure.
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Fig 6. Positioning of new building analysis sketch

1. Basic principles
The basic principles of the design encompass a sensitive approach to the site, interaction with
the existing religious activities and an architecture that uses simple and yet grand means to
evoke the desired religious effect. Two basic elements, a 125m diameter circle and a linear
element in the form of two large span (80m) beams intersecting it, are the geometric shapes that
dominate the architecture.
A symmetrical layout has been chosen for symbolic, aesthetic and functional reasons due to
the size of the building, so as to enhance monumentality and the closeness of the congregation
to the Presbytery.
The building is developed on two levels. The main ground level gently rises from the existing
square.

Fig.7. Night view

The Chapels in front are developed underground so as not to exceed the floor level of the
square and impede the monumental relationship of the main structure and the square. Other
auxiliary spaces are also entirely developed underground with connecting ramps and stairs to
the main areas of circulation.
The Church has a recessed main entrance on the level of the square. Access ramps, defined
by the two side walls and the two centrally located shallow reflecting pools contribute to a gradual transition from the open, inevitably noisy public space of the square, to the underground
Chapels and confession areas, preparing the visitors for contemplation and prayer.
2. Function
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Functionally, the main interior space, which further to its function as a Church can also be
used for assemblies, can be divided into two zones. Accordingly, the hall can be used either for
a smaller number of up to 3,000 or to its full capacity of 9,000 persons.

Fig 8. Main praying hall

3. Main structure
The main circular interior space, despite its size, embraces the congregation intimately maintaining the feeling of a Church and providing a panoramic view of the Presbytery. The external
walls, clad in a light beige colour sandstone similar to the existing buildings, and the -invisible
from the outside- saw-tooth roof structure define the character of the building.

Fig.9 Analysis of circular shape

4. Daylight strategy
The roof is intersected by the two beams that create a central axis, which rises towards the altar in a counter-movement to the sloping floor.
It emphasizes the vertical focus related to the purpose of the place and incorporates southfacing daylighting that accentuates the procession from the entrance to the altar.
The remaining two parts of the roof on either side of the central beams consist of a saw-tooth
shed steel construction which further to permitting the use of daylight, functions as a structural
element that frees the hall from vertical supports. The south-facing inclined surfaces of the
sheds serve both to reflect daylight towards the north-facing clerestory strip windows and to
support 3,200m2 of photovoltaic panels.
A translucent membrane is hung below the shed in order to avoid that it be visible from below and in order to create an overall soft distribution of both day- and artificial lighting.
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The uniformity or accentuation of day- or artificial lighting in different areas of the interior
space can be computer controlled by closing or opening light directing blinds that are fixed to
the clerestory glazing and by turning on indirect artificial lighting when desirable.
Elaborate scientific simulations were undertaken for the optimisation of the bioclimatic design and daylighting features of the building resulting in considerable energy savings.
5. Materials

Fig.10. Corridor through central concrete beams

The interior space with its simple materials stresses the monolithic and contemplative character of the structure. Interior walls are white, clad with wood up to a certain height. The central
beams are of white fair-faced concrete.
Concluding the development aims at providing a synthesis of the unique historic pilgrimage
place of Fatima and the new Church with all its present-day requirements in a way that enhances
the old, the new and the eternal.
6. Credits
The following were involved in the project:
Project architects: Alexandros N. Tombazis and Associates Architects, Athens, Greece
Project architect: Alexandros N. Tombazis
Project team: Stavros Gyftopoulos, architect in charge, Sophia Paraskevopoulou, competition
phase
Architectural design and coordination in Portugal: Paula Santos Arquitectos, Lda., Paula Santos, Joana Delgado
Structural design, security and hygiene planning: Eteclda – Escritório Técnico de Engenharia
Civil, Lda.
Mechanical engineers: Edifícios Saudáveis – Consultoria, Lda.
Sanitary and sewage engineers: Vitor Abrantes – Consultoria e Projectos de Engenharia, Lda.
Electrical engineers: OHM - E, Gabinete de Engenharia Electrotécníca, Lda.
Landscape design: Proap - Lda. – Estudos e Projectos de Arquitectura Paisagística, Lda.
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Acoustics and electroacoustics design: Vitor Abrantes - Consultoria e Projectos de Engenharia / SOPSEC, Lda. / LPL, Lda.
Energy consultants: University of Athens, Department of Applied Physics, Prof. M. Santamouris, Athens, Greece
Natural and artificial lighting: Bartenbach Lichtlabor GmbH, Aldrans, Austria
Acoustics consultants: C.S.T.B., Marne la Vallée, France.
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Urban Habitat Constructions under Catastrophic Events
Federico M. Mazzolani
University of Naples “Federico II”(Italy)

ABSTRACT: This paper gives some general information on the international project supported by the European Commission, which is dealing with “Urban Habitat Constructions under Catastrophic Events” (COST C26 Action, Chairman F.M. Mazzolani). Its main objective is
to increase the knowledge on the behaviour of constructions located in urban habitat and subjected to both natural and/or man-made catastrophic events. An extreme situation can be produced by catastrophic events, such as earthquakes, fire, volcanic eruptions, wind storms, heavy
snow loading, gas explosions, accidental impact from projectiles or vehicles out of control and
occasionally due to bomb blasts during terrorist attacks. In this view, it has been planned to define suitable tools for predicting the ultimate response of such constructions under extreme conditions, occurring when both loading and structural resistance are combined in such a way to reduce the safety level below acceptable values. Effort is made to characterise the performance of
structures under such loading conditions, as well as the consequences of a catastrophic event
occurring in a given region, with regard to life safety, economic losses due to both direct damage and indirect social costs related to loss of use. In addition, the preparation of ad-hoc guidelines for damage prevention as well as for repairing of constructions hit by the above situations
is planned. Twenty-two European Countries are participating in this project (Austria, Belgium,
Cyprus, Czech Republic, Finland, France, Germany, Greece, Hungry, Italy, Lithuania, Macedonia, Malta, Netherlands, Poland, Portugal, Romania, Slovenia, Sweden, Switzerland, Turkey,
United Kingdom).

1 THE COST C 26 ACTION
This new COST Action deals with the outstanding topic of the protection of constructions in
urban areas from the effects of exceptional loads, such as earthquakes, fire, wind, impact, explosions and so on. Buildings in urban habitat are designed, in fact, according to rules aimed at ensuring an adequate structural safety level under “normal” loading conditions. Nevertheless, all
structures can be exposed to certain extreme conditions arising out of predictable natural or
man-made hazards. These include earthquakes in non-seismic areas, unforeseen fire, exceptional wind storms, heavy snow loading, volcanic eruptions as well as gas explosions, accidental
and/or incidental impacts from projectiles or vehicles out of control, and explosions due to
bomb blasts during terrorist attacks. The present Action aims to establish towards an improved
understanding of the response of constructions to such extreme conditions, in order to ensure a
given adequate safety level. The first main definitions were given by WG 2 “Structural integrity
under exceptional loadings” of the previous COST C 12 Action (Mazzolani, 2002). The out-put
of the COST C 12 is contained in the two proceeding volumes of its final Conference held in
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Innsbruck on January 2005.
The main objective of the new COST C26 Action is to establish a co-operation among European scientists and engineers in order to increase the knowledge of the behaviour of constructions when exposed to the above extreme actions and to predict their response when both the
applied loading and the inherent structural resistance are combined in such a way to reduce the
safety level below acceptable values, leading in some cases to a premature collapse.

PHASE 1

PHASE 2

PHASE 3

9 MONTHS

24

1ST YEAR

2ND YEAR

6 MONTHS

3RD YEAR

FINAL CONFERENCE

ANALYSIS
WG 1-2-3- 4

CONCLUSIVE DOCUMENTS

MODELLING
WG 1-2-3- 4

EVALUATION STAGE

SEMINAR

WORKSHOP

STATE OF THE ART

DIAGNOSIS
WG 1-2-3- 4

9 MONTHS

4TH YEAR

Figure 1. Planned activities within COST C26

This objective is planned to be caught through the creation of 4 technical Working Groups,
namely: Fire resistance (WG 1), Earthquake resistance (WG 2), Impact and explosion resistance (WG3), Risk assessment of catastrophic scenarios (WG 4). The four WGs are acting on
the basis of a common methodology, facing the “Assessment of Degradation and Damage”, the
“Modelling” and the “Structural analysis” and considering the evaluation of structural robustness.
Beside, an “ad hoc” Working Group called “Lexicon” has been created for the establishment of
a common terminology to be used in the considered fields.
Significant benefits at European level are envisaged, resulting in the setting-up of a common base
for an unified methodology on how to face all the general aspects rising from the catastrophic scenarios in urban habitats and, most of all, in the proposal of “ad hoc” provisions, which should constitute the body for future recommendations framed into a programme of European codification.
The duration of the COST C 26 Action is 4 years (2006-2010), subdivided in three phases,
namely:
Phase 1 – Sharing of existing know-how;
Phase 2 – Co-ordinated activity;
Phase 3 – Preparation of documents, during which a suitable dissemination plan at academic,
technical and practical level will be set up.
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A number of scientific events are also planned, consisting of an initial Workshop (held in Prague 0n 30-31 March 2007), an intermediate Symposium (Malta, 22-24 October 2008) and a final international Conference (see Figure 1).

2 OBJECTIVES
The main objective of the COST C26 Action is to increase the knowledge of the behaviour of constructions located in urban habitats under catastrophic events, when exposed to “extreme” loading
conditions due to earthquakes, fire, volcanic eruptions, impact, explosions and so on, in order to
predict their response when both the applied loading and the inherent structural resistance are
combined in such a way to reduce the safety level below acceptable values, leading in some cases
to a premature collapse. This means the following specific sub-objectives to be pursued, aimed
at:
1. Advancing the state-of-the-art in the field of structural design of constructions, by adding new information about the behaviour of structures under extreme load conditions;
2. Drawing the attention of the construction industry and research centres in the European
Countries on the problem of safeguard of constructions from risk due to exceptional actions;
3. Improving the awareness of operators about the importance of using advanced technologies in the design of constructions against exceptional actions;
4. Improving the average knowledge of practicing engineers about innovative systems of
structural protection of new and existing buildings, so as to contribute to the institution
of specialized skills at European level;
5. Allowing engineers to use simple and reliable tools for analysing and predicting the behaviour of constructions under extreme loading conditions;
6. Setting out provisions for achieving adequate levels of safety at both design and refurbishment stage taking into account the economic consequences of the design decisions;
7. Promoting the development and the dissemination of advanced, Performance-Based
guidelines for the practical application of innovative technologies in the field of structural protection of construction under exceptional loading conditions.
8. Drawing the attention of public institutions, including political authorities on the need
to provide appropriate unified guidelines for facing the various problems of the protection of constructions against exceptional actions.
It was planned to achieve these objectives through the creation of 4 scientific working groups
aimed at the production of four main deliverables. Therefore, the achievement of such deliverables could be used as a suitable criterion for verifying and measuring such objectives.
3 BACKGROUND
Constructions in urban habitat are designed, as all other structures, according to prevailing
standards and subject to regional regulations. At the present state of knowledge, all existing
European regulations on structural design are concerned with rules aimed at ensuring an adequate safety level of structures under “normal” loading conditions. The list of commonly accepted “normal” conditions on such constructions includes imposed loading such as, for example, floor loading in buildings or traffic loading on bridges. Knowledge on the behaviour of
structures under such actions is well advanced and design can rely upon well tried code recommendations. Nevertheless, all structures can be exposed to certain extreme conditions arising out
of predictable natural or man-made hazards. These include earthquakes in non-seismic areas,
unforeseen fire, exceptional wind storms, heavy snow loading, effects of volcanic eruptions, gas
explosions, accidental or incidental impacts from projectiles or vehicles out of control, and ex-
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plosions due to bomb blasts during terrorist attacks. The present project aims to establish cooperation between scientists and engineers working throughout Europe towards an improved
understanding of the response of constructions to such extreme conditions. The guiding principle is to ensure safety of users of such constructions.
As it is well known, the most recent advances in assessing the safety of constructions are
mainly focused on the probabilistic evaluation of both the imposed loads and the structural resistance. This represents a logical consequence of their inherent randomness, which causes both
the applied loads and the structural response to be random variables themselves, in particular
when reaching collapse conditions. This approach has led to a satisfying degree of accuracy in
the prediction of the safety margin under ultimate and serviceability load conditions.
The probabilistic or semi-probabilistic approaches form the basis of the most recent regulations and relevant structural codes, including of course the Eurocodes, where a generic allowance for accidental loading conditions is made, even though in a qualitative manner only (Load
type A), and without giving any specific provision for them, except in some special cases (see
Eurocode 1 Part 1.7 “Accidental Actions”), where impact and explosions are dealt with.
Nevertheless, there exist many cases when either the structural features or the particular character of the applied loads or both of them together can involve an unexpected structural response at collapse with a consequent unknown degree of safety. In general, this can happen
when either the applied loads or the ultimate resistance of the constructions are characterised by
a strong randomness, with a scattering of the relevant properties much greater than in serviceability conditions. When these properties are combined in the most unfavourable way, the construction is assumed to be under an “extreme” condition. The prediction of the consequences of
such extreme conditions in an urban habitat characterised performance of these structures in
such loading conditions and adapt it to the need of individual users in terms of safety, economy
and social consequences.

4 THE MAIN CATASTROPHIC EVENTS

4.1 General Definitions
Among exceptional loading conditions liable to hit constructions in the urban context, several
topics have till now bothered both researchers and designers at a major extent and, hence, deserve the utmost attention within the COST C26 project, namely Fire, Earthquakes and other
exceptional actions producing extreme situations. Apart from these problems of safety due to
loading, a further possibility to reach “extreme” conditions occurs when the capacity of the
structure itself is characterised by a strong degradation also due to random effects. This happens, for example, in old existing buildings, when the structural materials exhibit degradation in
mechanical properties due to age, ravage of time or generic damage, or when the structural response is strictly dependent on certain random properties, e.g. structural imperfections, both
mechanical and geometrical. As a consequence, even normal loading conditions acting on a degraded construction can produce unsafe and sometime extreme situations followed by catastrophic events (Mazzolani, 2003).
The number and the percentage of catastrophic events in Europe in the period 1900-2005 in
given in Figure 2, together with economic losses and fatalities. Considering the data related to
the last decade, it can be observed the situation is practically unchanged. A short description of
the main catastrophic events is given hereafter, starting from the most studied and codified in
Structural Engineering (fire and earthquake), going to other relevant catastrophic situations both
natural (floods, landslides, wind storms, wave/surges, volcanic eruptions,…..) and man-made
(explosions, terrorist attacks,….), which merit further investigation and codification.
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Figure 2.Effects of natural catastrophes in Europe (1900-2005).

4.2 Fire
The problem of the resistance of structures against fire is receiving wide interest among researchers across Europe as well as overseas. Many cases of structural collapse, in particular of
steel and timber structures, can be related to the strong reduction in the material mechanical
properties at high temperatures or even to its combustion occurring during a fire. . Examples of
major devastation include fires in the urban centres, like recently in Lisbon and Brussels. In particular, fire creates extreme conditions in case of existing old buildings, which were not designed against fire nor engineered during rehabilitation operations. In spite of the wide ranging
work, no general assessment methods have been established yet from the conceptual point of
view. In particular, the study of the temperature influence on both resistance and stability of
structures is still far from being completely developed. Even though a great attention is presently paid in Europe to the fire protection of new buildings, nevertheless, there exists a need for
a more general statement of the design problem from both theoretical and practical point of
view, with particular reference to .non engineered existing buildings.
4.3 Earthquake
Earthquake represents the natural event producing the largest catastrophes around the World
in term of both fatalities and economic losses. In addition, there remain many unsolved questions related to the structural behaviour under exceptional or simply unexpected earthquakes.
Rarely a year passes without heavy loss of lives and severe economical consequences due
earthquakes occurring in some part of the World. This may happen at least in three cases:
−

The first case is when a structure located in seismic areas is shocked by very strong
earthquakes, characterised by extra-long return period and producing catastrophic ef-
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−

−

fects. These events are of great concern for many European Countries of the Mediterranean area, due to the conflict between Eurasian, African and Arabian plates. Even in
non-seismic zones, such a problem must be faced for example when designing a nuclear
power plant, for which the risk of structural collapse must be kept to a very low level.
The second case is when a structure designed without accounting for seismic actions or
even a structure located in a non-seismic area is subjected to seismic actions. In this
case the earthquake represents a fully unexpected event and, in this sense, an exceptional event which can produce catastrophic effects. This situation is common to most
of the urban historical centres of southern Europe, which belong to seismic areas but
their old constructions are not specifically designed or reinforced against earthquake, as
well as to many buildings in northern Europe, for which the seismic actions represent
an unpredicted exceptional loading condition.
The third case arises when the type of earthquake acting on the construction is different
from the one which the construction itself has been designed for. Normally, seismic design codes cover the case of far-field earthquakes, which are mainly characterized by
horizontal quakes, but they ignore the effects of near-field earthquakes, which produce
important vertical quakes. The damage scenario during the earthquake in Kobe in 1995
was a sad example of such unexpected effect.

4.4 Other Relevant Extreme Loading Conditions
Certain loading conditions characterised by a low probability of occurrence in urban habitats,
such as for example hurricanes, floods, landslides, avalanches and, last but not least, terrorist attacks, all being exceptional and producing catastrophic effects, can be considered as another
case of “extreme” loading conditions for constructions. Owing to the fact that they can occur
very seldom, these conditions are often disregarded in the current design, even though their occurrence can be dangerous or even destructive to life. Other events of concern are the danger to
urban habitat arising from accidental explosions in oil refineries, gas explosions in residential
buildings, impact of vehicles, etc. The number man-made catastrophes in Europe due to collapse, fire and explosion in the period 1900-2005, together with their consequent economic
losses and fatalities, are shown in Figure 3.
4.4 Codification Issues
All these catastrophic phenomena, and the related effect on constructions, indicate that at
present the assessment of safety is not sufficiently developed both from the theoretical and the
codification point of view. In particular, a need exists for a more up-to-dated approach, hopefully based on the probabilistic concept of safety. In summary, further research activity is required in this field, mainly in European urban habitat, where all the above extreme cases have
particular importance. For this reason this COST C 26 Action is aimed, on one hand, to enlarge
the theoretical basis of existing knowledge in this very large interdisciplinary field, and on the
other hand, to define a suitable methodology to predict the structural behaviour of constructions
under extreme conditions, in order to evaluate the true level of safety as well as the potential
risk.
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Figure 3. Effects of man-made catastrophic events in Europe in the period 1900-2005

5 WORKING GROUPS ACTIVITY
5.1 Fire Resistance (WG 1)
The main task of this Working Group is to harmonise the new knowledge on the response of
constructions under fire learned from tests on whole structures and on structural connections.
Reliable models are today calibrated on tests of elements. These models are well simulating the
response of elements, but the actual structural behaviour is only indirectly highlighted. It was
learned that the description of the connections behaviour may fill the gap between element and
structural behaviour. In this view, the performance based modelling, including risk analyses
based on the latest development of informatics, enable to predict the structural behaviour in real
time. The group is basically composed by specialists from research in the field of fire design.
For normal buildings, the safety requirements for European Union member State in case of fire
are based on the Construction Products Directive (89/106/EEC of 1988), where they are summarized , saying that the construction works must be designed and built in such a way that in the
event of an out-break of fire: its load-bearing capacity must be kept for a given period of time,
the generation and spreading of fire and smoke must be limited; the spread of fire the
neighbouring must be limited; occupant can be rescued and the safety of the rescue team must
be taken into consideration. Each Eurocode has its appropriate section (Part 1.2), specifically
devoted to Fire Design for all structural materials (Wald, 2007). The same rules are susceptible
to be applied to existing constructions, which were not designed to be defended from fire, i.e.
the old buildings in the historical centres, for which the case of fire represent a very serious exceptional loading condition, due to the lack of appropriate provisions. The issues related to historical buildings can use the results obtained in COST C17 Action, which now is completed.
A very catastrophic events can be identified when the fire start after an earthquake. The structure previously damaged by the shaking of seismic actions is subsequently submitted to a fire
condition. This circumstance very often happen during the majority of big earthquake (Lisbon,
1755; San Francisco, 1906; Nordridge, 1994 Kobe, 1995 ;……….), mainly due to the rupture of
gas pipelines and electrical facilities. Therefore, the study of the residual capacity against fire of
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structures damaged by seismic quakes represents today a pressing need in the vulnerability assessment (Faggiano et al, 2005).
5.2 Earthquake Resistance (WG 2)
The earthquake represents a typical case where its action can very easily become exceptional,
because there is a high probability that the seismic forces given by the codes could be exceeded
by the actual forces, due to the inherent uncertainty nature of the earthquake itself (Gioncu &
Mazzolani, 2002). The characteristics of the design spectra and the design methods implemented in the majority of seismic codes are based on the data of recording stations which are
located in far-source fields. So, they are not able to describe the seismic intensity in the nearsource conditions. In addition, the vertical seismic components, which are normally under
evaluated by the code provisions, could be greater than the horizontal ones in near-source fields.
In addition, due to very shirt periods of ground motions in near-field areas, the significance of
higher vibration modes increases and, due to the pulse characteristics of acceleration developed
with great velocity, the ductility demand could be very high, also due to the lack of restoring
forces (Mistakidis et al, 2007). This combination of effects produced the unexpected bad behaviour of some steel structure during the 1995 Kobe earthquake, where due to the very high strain
rate due to vertical quakes, in concomitance with a below zero temperature, steel behaved as
glass, creating large fractures in the base material even far from welded connections (Mazzolani
& Gioncu, 2000). Other reasons leading to exceptional earthquakes are related to the site soil
characteristics, like the soft and stiff soil layers, the shear wave’s velocity, the soil/rock impedance ratio, the properties of the soil layers, and so on.
Starting from these remarks, the Working Group is focus on the set-up of a general methodology for the analysis of the behaviour of constructions under earthquake, mainly with regard to
the structural response under exceptional or unexpected events. The co-ordinated activity is going to be carried out by examining in detail some relevant European case studies, with particular
emphasis on existing and historical buildings, which were never technologically designed to
withstand earthquakes. Another instance where such an assessment becomes necessary is when
a particular region is upgraded in terms of potential risk from earthquake. At the same way, it is
worth noting that the safety level under severe earthquake is dramatically reduced due to inherent degradation phenomena due to ageing and environmental attack.
Many significant research works in this field are currently developed in Italy, Greece, Slovenia,
Romania, Republic of Macedonia and Portugal, having a long tradition of earthquake prone
Countries.. Particular attention has to be paid to the application of passive control in structural
design, including special damping devices as well as seismic base isolation and energy dissipation systems to be used for the protection both of new and existing constructions (Mandara et al,
2007).
5.3 Impact and Explosion Resistance (WG3)
The task of this Working Group is to analyse the behaviour of urban constructions under very
strong accidental actions, like explosions due to gas, or occasionally due to bomb blast, or impact
from projectiles or vehicles out of control. Some examples can be the following: impact waves
due to explosions, impact of cranes against buildings under constructions, impact of ships against
platforms or bridge piers, impact of helicopters or aircraft against key buildings. All these phenomena are characterised by a huge amount of energy which is released in a very short period of
time.
The effect of accidental impacts and explosions on constructions is also allowed for in Eurocodes, this being a confirmation of the great importance given to this topic in this particular
moment. Possible areas of activity for the working group are:
1. Vulnerability to progressive collapse due to localised damage from blast or impact, referring to:
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- Multi-storey buildings with pre-cast load bearing walls
- Load redistribution using catenary action in steel framed buildings
(Byfield & Paramasiyam, 2007)
- Impact from collapsed floors
2. Quantification of actions related to extreme events, such as:
- Detonation of vehicle borne improvised explosive devices or hand held devices
- Natural gas explosions
- Vehicle impact
- Aircraft impact
3. Application of seismic design methodologies to resist blast and impact (Byfield et al, 2007)
4. Experimental testing on:
- Component testing in shock tubes
- Small to medium scale blast testing using high explosives
- Large scale arena tests
5.4 Risk Assessment of Catastrophic Scenarios (WG 4)
The task of this Working Group is to preliminarily examine the behaviour of constructions under several types of exceptional actions not covered by the above working groups, which can be
grouped under the name of infrequent natural phenomena. Some of these cases can be listed as
follows: landslides, floods, volcanic eruptions, tsunamis, avalanches, and others. All these phenomena are characterised by large fluid masses moving with a different degree of velocity according to their density and viscosity.
The ambitious scope of this group is to develop a new general framework for assessing the risks
of urban systems as well as the vulnerability and robustness of structural systems (Faber, 2007).
It is going to be done starting from an overview on risk assessment approaches for natural hazards and considering various types of scenarios. As a study case, the complex problem of the
environmental risk of the urban habitat in the area around Vesuvius has been taken into consideration.
For general systems robustness assessment a close relationship with the new COST TU 0601
Action “Robustness of Structures” is necessary to be guarantee. The aspects related to the management of crisis situations due to catastrophic events are coordinated with COST C19 Action.
As far as floods are concerned, useful input can be obtained by assuring a contact with COST
C22 Action.

6 COMMON METHODOLOGY
6.1 Assessment of Degradation and Damage
The evaluation of the actual degradation and damage conditions, as well as the setting up of a
suitable theoretical damage models, play a basic role in defining the actual structural model to
be analysed. The main aim of each Working Group is to point out suitable degradation and
damage models, able to interpret the actual state of a construction when facing “extreme” conditions. Particular emphasis could be given to advanced methods based on a probabilistic approach, if found appropriate. The framework of the performance based design methodology
seems to be very appropriate, if applied to existing constructions.
6.2 Modelling
The principal aspect of this task is aimed at collecting information on advanced and refined
methods for the modelling of particular loading cases, with emphasis on events which occur
only rarely. The main scope is to establish suitable methodologies in order to interpret both the
natural and the man-made phenomena, whose application to constructions can result in the at-
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tainment of “extreme” conditions. It is understood that the resulting outcome could be well different for certain classes of problems, for instance, as in the case of fire compared with floods.
On the other hand, there could be a common ground, for instance, in the case of earthquakes and
impact, as well as avalanches and landslides.
6.3 Structural Analysis
The common aspect is the identification of suitable models to describe the behaviour of structures exposed to “extreme” conditions. Particular emphasis is envisaged for methods of analysis
for calculating the behaviour up to collapse or failure in quasi-static, cyclic and dynamic range,
as well as for probabilistic interpretation models of the structural behaviour, wherever appropriate.
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ABSTRACT:

This paper deals with the comparison of different buildings and building constructions through
Life Cycle Assessment. The objective is to evaluate a building construction regarding to its ecological criteria and in a further step to establish parameters for ecologic sustainable building in
Central Europe. A special objective lies in the examination of the impacts of wood based building materials to ecological aspects to meet the raising requirements evoked by the global growth
and the accompanying changes to the ecological balance.
Building is a permanent interference to the environment. In earlier times these interferences had
more or less just regional relevance, nowadays evoked by consequences of industrialization and
the global growth, the influences have global environmentally effects.
Nowadays a broad range of stakeholders are involved into the design process. Architects, engineers, owners,… they are confronted with an abundance of new technologies and materials and
have to consider the consequences of their decisions in a complex system of coherent components and subsystems – one single building.
For that Life Cycle Assessments can be a decision support tool during the design phase to
evaluate the environmental impacts of buildings.
For that case a direct equation of building structures made of wood, steel and reinforced concrete was examined throughout Live Cycle Assessments. In general there is explained a projects
in this paper.
This examines a comparison of different wooden construction methods (skeleton, frame and
massive construction) to a conventional construction method in Vienna (massive brick walls,
and reinforced concrete slab). The focus has especially been taken on the special requirements
and characteristics due to environmental performance of the natural building material wood.
.
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1 INTRODUCTION
Sustainable development has nowadays entered to almost all areas of every day life and has an
important significance. To keep our economic status, new strategies and technologies are asked
to meet the raising requirements of resources.
The building industry is strongly connected to other industrial sectors, and from the primary
production to the waste disposal there is a huge transformation of resources. Studies have shown
that for one inhabitant 10 tons per year of material are set free; about 60% of waste accumulation derives from the building sector. At the same time the expected useful life is decreasing.
These circumstances ask for new forms of architecture and more flexible constructions.
Furthermore they ask for evaluation of the environmental performance of materials and whole
structures lifelong. At every phase of a buildings’ live there might appear environmental impacts. Site selection, choice of materials, choice of energy supply …all these aspects decide the
environmental performance of a building. [1]

2 HISTORICAL BACKGROUND
100 years ago the choice of material followed the law of the availability of resources. This agelong usage of regional available building materials became manifested in a perfect knowledge
about these materials and perfect implementation by the craftsmen. At the beginning of the 20th
century urban building in Vienna just differs in the design of the façade: usually all the walls are
brickwork, and the floors are made of wood.
Caused by the industrial revolution and the therewith accompanied changes and knowledge in
production the consumerism changed. Production processes enhanced and so did the transport
systems. All these facts were a following consequence of unlimited access to fossil fuels. Following the rules of the industrial production of goods, centralization, rationalization, mass production, formation to monopoles caused a dominance of a few building materials and applied
techniques. For Europe that meant cement based materials and reinforced concrete. However in
North America there were enhancements in wood based materials and techniques for construction.
The modern postindustrial society has to face the fact that fossil fuels will come to an end more
quickly than expected. Furthermore accompanying effects as the climate change show their first
signs. But critical situations are always an inducement to search for new answers. These aspects
have also to be put on to the building industry which forms 15 to 20% of the industrial production.

3 REGULATIVES AND DATABASES FOR QUANTIFICATION
To realize quantification for live cycle assessment different databases are available. But it is
necessary to challenge the given values. For example the parameters might reflect special local
conditions. Local peculiarities or developments are often shielded. Differences appear because
of different standards in production or transport. In general it is to say that the usage of the databases is to handle with great care, results have to be challenged.
Meantime there are, at an European level, to a large extent completed works to unify the modus
operandi within the framework of ISO 14 040ff. Furthermore there was an enhancement of the
evaluation methods for life cycle assessment, and with these enhanced evaluation methods there
are today standardized practices for ecologic evaluation of products. The significance of a
method is depending on the chosen system boundaries. These chosen boundaries have to include
all relevant processes over the whole life time cycle.
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In general the selection of system boundaries is not been carried out uniform and different
methods and databases are used. A direct comparability is often difficult or impossible.
Life cycle assessment is an analytical tool for a systematical evaluation of environmental impacts of a product, a material, or even of a whole building throughout every stage of its life
To evaluate this environmental performance the herewith bounded environmental interferences
have to be covered from “cradle to grave”.
That includes:
-

extraction and processing of raw material
manufacture , production of building materials and construction
delivery, transport and installation
usage
subsequent usage, waste management

The integral influences to the environment at all stages of production have to be measured in an
environmental performance evaluation, which is able to be compared to other systems.

4 REQUIREMENTS FOR ESTIMATION AND COMPARISON OF BUILDING
STRUCTURES
In Austria there exists a broad variety of databases for wooden products, but no one which is
universal accredited and gives a broad overview for the majority of construction materials. The
objects of comparison worked out at the Department of Structural Design and Timber engineering have been worked out by means of a database for construction material. [2] This database
for the ecologic evaluation of buildings and construction elements has been developed together
with several research departments in Germany and Switzerland.
For example, to measure the consumption of energy during the fabrication of lumber wood the
life cycle assessment allows not only for needed fossil energies, but also for the energies used
for deforesting, for the desiccation process, further converting and finally waste management.
The energy content of the used material is equitable to the energy consumption. This is explainable through a possible different utilization of the resource.
Thereby the resulting energy consumption of timber is six times higher than of concrete, which
is in fact not a correct approach and points out the need for other procedural methods.
Considering, as it is shown in figure 1, to produce one m³ of lumber it is necessary to deforest 2
m³ of round timber. This allocates supplementary energy, which would not be released without
the production of the building material. Basically the energy balance is changed in general.
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Figure 1 cycle of energy production and using of wood (source: Winter, TU Vienna)

For the thermal recycling of waste wood - generated during the production process of lumber and the recycling of 65% of the wood inserted in buildings by now there would be an income of
energy of over 1000 kWh per m³ of lumber. These data is used for the following comparison,
furthermore the database by Zapke/Gerken. [3]
There exist different methods for the ecological interpretation of material balances. For example
considering the greenhouse effect by taking CO2 as a reference substance. Furthermore other
substances for example methane CH4 are considered because of their possible negative impacts
compared to this reference substance.
For example one kg of methane corresponds to 62 kg equivalent CO2 in relation to the GWP 20
(1994), viz. 1 kg of CH4 has the same effects to the greenhouse potential than 62 kg of CO2.
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Figure 2 comparison of different construction materials, cement, steel, and wood according to
the CO2 emissions.(source: Köhler/Klingele, Zapke/Gerken)
In figure 2 are illustrated the used parameters of CO2 taken for the comparison of the different
building structures.
Particularly in that context is to consider the heavy emissions of CO2 during the industrial process of production of cement or steel. The carbon content of the raw materials – minerals in the
cement or iron ore in steel - are released to the atmosphere in the form of CO2 after their chemical bounding. Because of that fact the release of CO2 during the combustion of fossil energies is
raised. However during the production of timber, 200 kg of CO2 caused by combustion of fossil
energies has to be set off 960 kg CO2 stored in the wood.
Therefore it could be an argument that using the building material wood has no effect to the
raise of CO2 in the atmosphere. Far from it, it is lowered considerable during the life time of the
construction.

5 OTHER INFLUENCES
The comparison of the impacts to the environment, to choose the material for construction, can
not be limited to single aspects as the consumption of primary energy or the CO2 emissions. For
example just to mention two further aspects of great importance: acidification and nitrification.
Acidification and nitrification are secondary effects caused by the combustion of fossil fuels.
Acidification is conditioned by the production of sulfur salt and other acids. The reference Substance is SO2.The potential for nitrification is a result of discharge of phosphate (PO4) and nitrate (NOX).
The acidification might discharge heavy metals to the ground or water, which is absorbed by
plants or animals. The massive over fertilization causes an increase of the nutrient content.
There are no comparable studies available by now.
Wooden facades:
Due to the usage of more and more metal facades and reams of finished products the danger of
corrosion and elutriation of heavy metals is raising. This is called “emissions during usage” or
diffuse emissions, diffuse losses to the surrounding. That’s why untreated wooden facades
might be a good alternative.
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6 EXAMPLES FOR USAGE
Numerous diploma and doctoral thesis, worked out at the institute, of architects and engineers
allow a comparison of similar buildings, constructed in different materials. The following established criteria were chosen for the environmental performance evaluation:
-

Construction costs
Primary energy (PEI)
Greenhouse effect
Long term CO2 storage of the building
Construction mass
Acidification, nitrification

7 THE USAGE OF WOOD IN MULTY-STOREY BUILDINGS [5]
In that case a three – storey – building, designed by a finish architect has been used as a basis
for the comparison between a skeleton construction, a frame construction, a massive timber
construction (10 cm nail laminated boards, wood concrete composite slab) and a concrete brick
construction, the conventional Viennese construction system (38 cm fired brick, reinforced concrete slab). For the comparison just the structure of the building was examined (435 m² gross
storey area).
At the massive construction – brick and reinforced concrete – 340 m³ of material with an overall
weight of 615 t was used, whereas the overall weight of the timber lightweight construction is
just about 155 t (200 m³ material) and the wooden massive construction is about 266 t (240 m³
used material).
In figure 3 is illustrated the comparison of costs and weight of the different examined constructions, 3 storey, 435 m³ gross storey area.

Figure 3: comparison of costs and weight (source: Winter, TU Vienna)
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The main differences show the results of the live cycle assessment regarding the energy consumption needed for the production of the materials. For the mineral construction 308 MW of
fossil energy is needed whereas the timber lightweight construction just has a demand of 187
MW (partly renewable energy is used). Taking into consideration the calorific value of the
wood, taken for the construction, less the energy quantity for production and desiccating there is
a total gain of 430 MW. The same tendency is to note at the comparison of the emitted amount
of CO2.

Figure 4 energy consumption of the massive construction, brick / concrete (source: Winter, TU
Vienna)

Figure 5 energy consumption of the massive construction, wood (source: Winter, TU Vienna)

1.35

That means that the production process for the brick- concrete- construction causes an emission
of 105 t of CO2 at the production process of the wooden construction it is just 39 t. At the
wooden construction it has to be taken into consideration that 263 t of CO2 are “saved” from
moldering and are stored in the timber construction. During the life duration of the building the
difference of CO2 set free in the atmosphere, would be 331 t less. This is illustrated in figure 6
and figure 7.

Figure 6: CO2 balance of the massive construction, brick / concrete (source: Winter, TU Vienna)

Figure 7: CO2 balance of the massive construction, timber (source: Winter, TU Vienna)
Related to Austria that shows, if a quarter of the annual built 40.000 accommodation units in
multy- storey- buildings would be built in timber construction, instead of concrete there would
be a reduction of CO2 emissions of 3 Mio tons (5 % of the Austrian total emission per year).
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8 CONCLUSIONS
In Central Europe the crucial factors for a significant raise of wood as a construction material
are for sure of macro economic and ecologic nature:
- Full usage of the annual wood – gain, and because of this a better growth and forest - hygienic - conditions
- Significant upturn and employment creation at a regional level
- Reduction of the consumption of fossil energies for the production of cement and steel
- Reduction of Co2 emissions caused by the production of cement, steel or fired bricks
- Long - time storage of Co2 during life time of the construction
- Reduction of the quantity of material for the construction and for the mass, which means
less transport and less waste
- Easy deconstruction and recycling
It is possible and useful to show up and to complete the tendencies with help of quantitative indicators. However there is a lack of qualified and accredited database, in particular the fields of
maintenance, deconstruction, waste management and recycling. And for sure it is easier to get
quantitative studies about materials produced industrialized than natural materials as wood.
Ecologic isn’t accountancy and should not be seen as a competition between numbers. Also
there is the search for the not- quantifying in quality and sense. What could be more sense full
as to use natural products?
Timber construction delivers a serious contribution to a healthy energy efficient and renewable
economy without additional pollution of the environment. Unused energy and raw material,
which is by now moldering in central European forests, could be used more sinful. Technically
there are no disadvantages expectable. The lightness and flexibility of the building material
wood in contrary could open up new qualities in architecture.
Timber construction will not have the same relevance in central Europe in the next decades as it
has in other world regions just by now, but regarding to the studies, but a 20 percent fraction of
wooden constructions would be a reasonable objective for the next years.
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Sustainable construction products for energy-active façades
B. Weller, C. Hemmerle & S. Jakubetz
Institute of Building Construction, Technische Universität Dresden, Dresden, Germany

ABSTRACT: Photovoltaic (PV) modules are of great architectural and construction significance
and quality enhancing building envelopes while simultaneously providing a source of energy.
As laminated glass structures, these modules can serve as substitute elements for traditional façade elements. When combined with functional glass or other building materials, PV modules
can be fabricated to provide additional construction features such as weatherproofing, solar protection and heat insulation. In a recent research project, managed by the Institute of Building
Construction, thin-film PV elements covered with tinted glass were integrated into composite
cladding panels for back-ventilated, rain-screen façades with the goal of improving the acceptance and distribution of PV modules in architectural uses.
1 PV THIN-FILM MODULES IN BACK-VENTILATED RAIN-SCREEN FAÇADES
The research project “PV-VH-Fassaden” deals with the adaptation and further development of
thin-film photovoltaic (PV) technology for composite cladding panels used in back-ventilated,
rain-screen façades. The goal of this research was to improve the acceptance and distribution of
PV modules in architecture. The resulting new PV modules, applied to standard façade elements, can be covered with tinted glass.
The ventilated rain-screen façade is a highly effective system relative to economic efficiency,
ecology, durability and comfort when separately constructing the functions of thermal insulation
and weather protection. Such a system is used both in new and refurbished buildings. The combination of this type of façade system with additional heat insulation methods offers significant
potential for energy savings. The thermal protection standards for low-energy buildings can be
met by choosing the appropriate thickness of the insulating material. Panels made of fibre cements, ceramics, brick, metal or other materials are available as cladding, as well as support
panels for applications of plaster, glass, ceramic or metal. Clamps on the back-side of the support panels allow for hidden connections and a visually homogeneous façade surface. These
elements combine modern envelope construction with the demands of high-quality façade refurbishments.
Rain-screen façades are ideal for the integration of PV modules given their rear ventilation
properties. The ventilation space enables the erection of simple electrical connections using
standard junction boxes in non-visible areas on the back-side of the modules. The wiring can be
routed throughout the heat insulation layer. Elements are easily accessible and can be replaced
individually for purposes of maintenance and repair.
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Figure 1. Ventilated rain-screen façade with iridescent glass composite panels
(back-side connected) at the GEWOGE, LUWOGE BASF service centre in
Ludwigshafen, Germany. Architects: Allmann Sattler Wappner.

Architecturally, the conventional attachment of PV systems to buildings can often generate
aesthetically displeasing results. New innovative materials and techniques are needed to facilitate the widespread use of building integrated PV façades further. Planners, building owners and
regulatory agencies are rather reluctant to accept PV technology in architecture. This is due to
the limited product range and expressive design of conventional PV modules of crystalline silicon cells in addition to the relatively high costs and lack of know-how by architects and designers. On the other hand, PV planners seem to avoid the use of integrated solutions because of
their association with considerable technical and regulatory efforts compared to common PV installations which need not meet the constructive requirements of the façade.
The thin-film technology offers new and advanced production and design options compared
to conventional silicon solar cells. A standard module of thin-film cells has a dark gray and
homogeneous surface. The EU sponsored BIPV-CIS project involving the Institute resulted in
copper indium diselenide (CIS) thin-film modules for building integrated PV (BIPV) allowing a
wide spectrum of surface modifications including flexibility of colour schemes. These newly
developed modules can better be adapted to the built environment given the variety of their
textures and structures while simulataneously providing for ideal conditions for the combination
of PV modules and energy-saving building techniques such as ventilated rain-screen façade
systems. The composite panels to be developed under this project comprise of a foam glass
support panel with an optionally coloured thin-film PV module. These panels help to broaden
the repertoire of creative expression available; provide robust and durable weather protection;
and produce electricity.
For years, architecture has been experiencing a great interest and high demand of fully glazed
façades which is evidenced by numerous national and international projects. Colour, as a design
element, plays an important role in the language of modern architecture. The architecture of
Bruno Taut is a good example. Coloured glass façades result in a high-quality of architectural
and urban development.
The goal of this research project was to provide basic conditions for the integration of PV
elements in ventilated claddings of coloured glass façades. PV thin-film technology was prototypically adapted and modified during the development process. This procedure supported the
research of products within the industry and fostered the subsequent market launch. Successful
results from this product’s initial development have the potential to spur additional development
of innovative construction materials and techniques. This will increase the capacity of innovation within the construction industry, as well as strengthen the international competitiveness of
the PV- and façade business.
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2 PROCESSING OF THE RESEARCH TASK
These objectives have been accomplished by an interdisciplinary team of partners from science,
industry and practice. This research team consisted of the Institute of Building Construction,
which served as the project manager, and the Institute of Construction Management both of the
Technische Universität Dresden; the Centre for Solar Energy and Hydrogen Research (ZSW);
and two industry partners StoVerotec GmbH and Würth Solar GmbH & Co. KG. This project
consortium analyzed the basic techniques of PV thin-film technology to modify these for prototype production of PV rain-screen façades starting with market research and patents of ventilated rain-screen façade technology and photovoltaic façades. Criteria and requirements have
been derived and technical feasibility and relevant building regulations were examined.
An analysis of the BIPV-CIS modules showed that these modules are not suitable to be attached to composite cladding panels in back-ventilated rain-screen façades. Therefore, an additional industry partner was consulted – DELO Industrie Klebstoffe (industrial adhesives) – to
conduct experiments of adhesive capabilities of sample modules in their laboratory. Experimental rigs for the production and practical testing of various prototypes of PV modules were assembled. The most important questions to be addressed were: how to adapt the appearance of
the façade cladding; how to predict and ensure the desired colour; how to couple the PV modules electrically; and how to analyse or determine the chemical and physical requirements of
appropriate materials for the adhesion of composite layers.
Façade element prototypes were developed in order to evaluate practical applications of PV
thin-film technology in construction products, as well as the structure’s service life and longterm behaviour of façade modules. The project partners decided to extend the component and
material tests to include fire tests during the project period since fire behaviour of a new product
is an important aspect which should be determined.

Figure 2. Component tests at the Institute of Building Construction.

Life cycle analyses with the goal of proving the advantages and potential of PV thin-film
technology were conducted. Exemplary simulations with a specialised tool developed specifically for this project provided universal results regarding the economic validity of the new
products depending on various influencing factors. At the same time, huge benefits and potential concerning energy and CO2 savings in buildings were shown.
Project work was concluded and recommendations were made for practice which will be published to foster further knowledge and technology transfer. The knowledge gap between build-
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ing owners, architects and planners and researchers must be closed in order to establish the acceptance of PV elements as equivalent construction products with the additional value of generating electricity. There-fore, an enhanced knowledge transfer and easy-to-access professional information is required.
3 RESULTS
As an essential achievement of this project was the creation of a prototype composite clad panel
with an applied PV thin-film module using CIS solar cells. The invisible fixing components on
the back side of the panel did not need any punctual or linear clamp fixings typical of glass
panes. Instead, the resulting product is a visually homogeneous façade surface with no limitations for energy production. Additional innovation is apparent in the variety of possible colours
and surface designs available.
3.1 Basic evaluation
Important criteria for the practical use of these new elements are given by architecture, building
regulations, building methods and management, as well as physical and electrical aspects. Colour and its effects play different roles in urban planning. The choice of colour can influence the
orientation, aesthetics, mood and readability. Colour is versatile; it permits the accentuation of
components and emphasizes particular views. Many façades gain depth only by their colour
since at northern latitudes the sun light alone may not be strong enough to express the 3dimensional form of a building. The use of colour can help buildings and, hence, the urban
space to be more dynamic and multidimensional. Coloured façade elements can also evoke different day and night effects.
In the near future, PV elements will not be regulated construction elements when considering
the variety of construction methods and the lack of sufficient building regulations even for conventional glass construction. The technical rules for laminated glass structures do not apply to
the composite PV façade cladding. In the past it has been shown that the complex approval procedures and the additional time and cost expenditures act as a barrier to the use of the costintensive photovoltaic technology as part of the façades. For this reason, product approval appears to be the best solution for a successful market launch. The project examined appropriate
testing methods for a national technical approval (allgemeine bauaufsichtliche Zulassung –
abZ). Component and material tests on small PV module samples have shown that the glass
panes coated with solar cells are able to maintain the required strength of float glass. The adhesion of the module laminate complies with the maximum expected loads including sufficient
safety. Thus, the PV modules are in principle suitable for the use in the façade elements.
Similarly, photovoltaic elements are not characterised and defined in terms of fire protection.
Depending on the individual application, façade elements must meet certain requirements. A
classification without testing (fire tests) is not allowed for PV elements because of a lack of experimental experience. In this project, fire tests on prototypes of the PV modules conducted by
an external laboratory served as an initial basis for future classification. The results suggested
that the laminated PV glasses delivered by Würth did not reach the same German class B1 as
the support panels of StoVerotec, and, consequently, the composite elements cannot be expected
to meet the B1 classification, as well.
In addition, stability, suitability and durability of the façade must be guaranteed by the choice
of suitable materials, the assembly, the dimensioning and the design of all components of the
façade construction. The common mechanical load test of solar modules in accordance with IEC
61646 applies to load corresponding to 2400 Pa optionally increased to 5400 Pa. Higher loads
or requirements corresponding to DIN 1055 part 4 can be met using thicker cover-glass. Product
development must also allow for construction methods to influence the construction progress
from planning and mounting to utilization and disposal.
The cladding consists of a PV module laminated on a support panel. Parameters such as the
relevant temperature range and the linear expansion coefficient of the connected elements are of
interest for the build-up, as well as the U-value of the support panel, in order to estimate the expected temperature increase of the module and its effect on the electric parameters.
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3.2 Further development of coloured thin-film PV modules
The coloured modules developed in the research project BIPV-CIS needed some improvement
regarding the planned adhesive bonding without securing the cover glass mechanically. The
tinted cover-glass is optically decoupled from the layers below in order to intensify the colour
impression of the existing modules. Yet, a decoupling of the border area is not possible since
this is the physical connection of the laminate, colour at the edge will always differ from the
remaining area. Another difficulty is to ensure stability when the entire weight of the coverglass must be transmitted via the edge bond. Thus, this design was rejected by the project partners and other solutions were developed.
As an alternative, cover-glasses coated with zinc oxide on one half were applied as an additional layer with a different refractive index. It was possible to laminate the entire surface of
these colour glasses avoiding the disadvantage of unfavourable force transmission. A homogeneous colour impression, however, would require an additional printing step in the border, uncoated area. The intensity of the optical effect was dependent on the point of view and the lighting conditions. Consequently, the project partners did not continue to pursue this version.
The fourth solution analyzed was dichroitic glasses whose colour changes with the angle
from which the glass is viewed and the solar irradiance spectrum. Sample modules with these
new architectural glasses in blue/gold, green/gold, blue/green and green – the dual colour specification refers to variable angles of view – resulted in a very intensive colour effect. The border
area plays a minor role in this case. The contours still show through very weakly but likely will
disappear with blackened edges. A change in the viewing angle leads to a change in colour but
does not affect the intensity. A transmission of about 50 % was determined related to the spectral response of CIS solar cells. Semi-transparent mirrored glass resulted in higher transmission
values of about 72 % and more visible border areas in turn. For larger quantities, the glass
manufacturer announced the possibility of adapting the reflection of the glass to increase the
CIS-specific light transmission. The unknown compatibility for outdoor use is a problem to yet
to be solved in addition to the insufficient transmission. Therefore, dichroitic glasses are an attractive option for future development which requires further investigation exceeding the scope
of this project.
Inorganic coated cover-glasses promised the best results in terms of visual qualities. The
benchmark determined for their further development as cladding prototypes for PV façades was
a maximum efficiency loss of 30 % compared to conventional black CIS modules. Current
measurements on coloured glasses and prototypes in green, blue, red and yellow, each in three
to four tones of intensity suggest performance losses from 4 to 10 % (blue), 9 to 20 % (red and
yellow) and 11 to 25 % (green). The more intense the colour, the greater was the measured loss.

Figure 3. Prototypes of coloured thin-film PV modules produced for façade cladding elements.
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3.3 Prototype of a ventilated façade cladding with coloured thin-film PV modules
A façade mock-up was constructed according to the production guidelines of the ventilated
rain-screen façade system StoVerotec Glas for demonstration and testing purposes. The assembly of the PV modules and the cladding elements should both be possible in portrait and landscape format in order to satisfy architectural claims. The position of the module junction box did
not cause any difficulties.

Figure 4. Cross-sectional view of the façade construction (principle)

The experimental investigations on the prototypes included, in particular, the temperature and
long-term behaviour. An increase in cell temperature reduces the power output by around -0.45
%/K with CIS modules. For CIS modules bonded on foam glass plates and installed vertically,
the ZSW assumes a temperature increase of 5 to 6 K in comparison to free standing CIS modules and a maximum operating temperature of around 75 °C in central Europe. Consequently, it
is appropriate to adopt the temperature limits of -20 °C to +80 °C as given in DIN 18516 for
claddings for external walls. This is still within the test range of IEC 61646 with temperatures
from -40 °C to +85 °C. This qualification standard includes, among other things, durability
tests. PV modules approved by these tests are considered to be very reliable and durable.
In the environmental simulation system of Sto AG, a test wall with four coloured PV modules
was artificially weathered according to the guideline for European technical approval of thermal
insulation composite systems with rendering (ETAG 004). The tests included a heat-rain cycle
and a heat-cold cycle lasting 25 days. The element did not suffer any damage, detachments,
cracks or other defects, but the PV modules showed opacities a few centimetres below the upper
edge (2 to 3 cm²) behind the cover-glass. It should be clarified whether this is due to constructive reasons or accumulated moisture.

Figure 5. Aged PV-element; left: Front with optical opacities of the composite film at the upper edge;
right: Back-side with junction boxes and aluminium substructure
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3.4 Life Cycle Analyses
Life cycle analyses provided universal results regarding the economic validity behind the use of
the novel façade elements under a number of varied influencing factors. A simulation tool specially developed for this project helped to contrast the revenue and expenditures of the life cycle
costs for over 20 years of operation between a reference glass clad rain-screen façade and the
PV rain screen façade. This exemplary analysis included different scenarios with variable PV
module colours, façade orientations, system sizes and technical parameters at six representative
German locations. Similarly, subsidy schemes and different financing conditions were incorporated.
The expenses included all investment and follow-up costs. The manufacturing costs of the PV
façade system consisted of the PV module costs from the manufacturer; the construction costs;
and the electrical system technology. The difference between reference construction costs and
those of the PV rain-screen façade researched is about 300 €/m². Planning costs were estimated
to be double due to the complexity of planning and coordination of the PV rain-screen façade.
The annual operating costs for insurance, electrical service, operational control, reserves for repairs, maintenance and service amounted to 1% of the respective investment costs with an inflation rate of 1%.
Revenues of the PV façade came from the compensation paid for the solar electricity generated and fed into the grid under the German Renewable Energy Sources Act (EEG). The selected feed-in tariff refers to a PV system commissioned in 2008 and included a bonus of 5.0
cents/kWh granted for façade integration. The payment is prescribed from the date of commission for a period of 20 calendar years, as well as for the year of commission. Input parameters,
such as the local solar irradiation, shading loss as a percentage, typical values for the system
quality (performance ratio PR) and output power losses due to the colour of PV modules are
variable in the simulation tool to determine the expected annual energy yield. Annual power
degradation due to ageing of 0.3 % was assessed from the 3rd year for CIS modules.
PV façades deviating up to +/- 30°from south orientation proved economically viable at all
locations examined within the operating period of 20 years using colour modules with up to 20
% power loss. At high-sunshine locations in Southern Germany, southeast and southwest façades with +/- 60° south deviation also provided positive results. At particularly good locations,
even pure east and west orientations with 10 % power reduced colour modules were economical
when the conditions were favourable. The economical viability remains to be analyzed on a case
by case basis, however, given the large number of possible scenarios. In some cases, economic
viability of the system cannot be achieved. Losses due to shading, for example, were not considered in the sample calculations. Increasing the system size, on the other hand, improves the
profitability of south oriented PV façades. Generally, prospects are good that PV systems can be
used to generate electricity beyond the considered period of 20 years. This assumption favours
the use of the PV façade. Nevertheless, as a conclusion the ventilated PV rain-screen façade currently is only cost-effective for high-quality façades of representative buildings.
Subsequent heat insulation methods for façades allow energy savings up to 40 % given the
current building stock in Germany. In combination with integrated PV modules, this additional
energy activation of the building envelope yields renewable electricity in the amount of around
700 kWh per kWp output power and is associated with a CO2 reduction of approximately 620
kg CO2/kWp. With CIS thin-film modules, this corresponds to an annual solar yield of about 55
to 80 kWh/m² avoiding CO2 emissions of 50 to 70 kg per m² a year, depending on the colour
modulation.
3.5 Application potential
The benefits of the PV cladding system were visualized using the example of a rain-screen façade built with integrated PV modules at a residential high-rise building in Berlin. While the actually applied polycrystalline modules with their typical frost pattern and raster expressively influence the appearance, the new thin-film modules create a homogeneous façade area without
visible margins. With conventional PV modules, modulations in colour and surface were as yet
only possible by selecting certain solar cell types and glass or film backed materials and by
combining the modules with other cladding elements. In the new system, this can be imple-
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mented using the same solar cell technology. In addition, the support panel can be finished with
a variety of surfaces such as glass, plaster, natural stone or ceramic while permitting a variety of
possible combinations in the same façade system. The architect is now free to design the PV
area as an accent for the rest of the façade or to integrate it into the general view of the façade.
To this end, manufacturers and planners have to work out constructive details and standardize
the systems – for example, an optimal cable routing in the façade element. Furthermore, fixing
techniques need to be developed based on the existing façade system. These should be adapted
to the parameters of the photovoltaic cladding elements and should not evoke peculiar changes
on the construction site.
Practice has shown that the façade bonus of 5 cents/kWh in the EEG feed-in compensation
currently is insufficient taking into account the additional costs and lower yields compared with
standard PV installations on roofs and open spaces. Hence, the future development of the costs
will be the decisive factor for market success. Since the CIS technology has an enormous development potential in production technologies, additional cost reductions can be assumed for the
coming years.
The lack of long-term experiences and studies for the use of thin-film modules in façades
calls to question the long-term behaviour relative to the aesthetic, constructive and electrical aspects of these new composite elements. Further research and educational work is necessary so
as not to compromise the interest in innovation against the investment risks of the owner and liability risks of the planners and implementing companies.
3.6 Conclusions
New findings on PV thin-film technology and opportunities provided by the integration of CIS
modules into back-ventilated, rain-screen façades could be demonstrated. The successful manufacturing of prototypes and proven potential for practical applications have resulted from the
work of the PV-VH-Fassaden project. Both industry partners involved in this undertaking declared a substantial interest in an immediate transfer of the results of this basic but practical research work into the development of marketable products.
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How to value the sustainability –
Differentiating, adjusting and extending traditional paradigms
Edeltraud Günther
Technische Universität Dresden

ABSTRACT:
Due to increasing scarcity of their supply, carrier and regulation capacity environmental resources have increasing importance in our economies. In contrast to financial and tangible assets environmental resources are not very well represented in our decision tools resp. managerial and financial accounting systems. But the use and exploitation of these resources impacts
the future development of companies. The author analyses whether and how environmental resources as one dimension of sustainability can be integrated in decision tools.

1 TRADITIONAL PARADIGMS
Decision tools should picture companies processes and the products and services supplied
(Bamberg/Coenenberg/Krapp 2008). Whenever environmental aspects are relevant, the question
arises, how they can be integrated into accounting. Following international commercial laws
(IAS resp. US-GAAP) resources are activated whenever they represent an economic value, are
separable and independently controllable. Environmental resources usually represent an economic value. But separability und independent control is only given in some cases, like for
emission rights. Moreover property rights for environmental resources belong not only to the
company, but other individuals or the whole society (theory of the commons) (Hardin 1968, p.
1245).
2 HOW TO VALUE SUSTAINABILITY
Looking back to the origins of accounting, double-entry accounting – written down for the
first time in 1494 by Luca Pacioli– has been continuously developed and refined. Since the
1960s accounting has become value-oriented following the principle of sustaining value (Rappaport 1995). Net income, understood as economic profit, is a difference between the discounted cash flows of two succeeding years. Based on the concept of Economic Value Added
(Stewart 1990) sustainable value is created, if the net income exceeds the absolute cost of capital. So the question arises: what are the components of the capital costs? Implementing the idea
of a sustainable capital environmental resources that are necessary for the production processes
are considered, too. Even if the company does not own them, it uses them and could not exist
without them (Gutenberg 1983). So sustainable capital means, that not only tangible and financial resources are sustained for futures use, but also environmental resources. Profit, measured
as value added only arises, when the capital costs for all the components (tangible, financial, intangible and environmental) are met. Then the concept is called Integrated Value Added.
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3 IDEAL APPROACH: INTEGRATED VALUE ADDED
Adapting the idea of the invisible balancesheet of Sveiby (Sveiby 1997, p. 11), environmental
resources can be integrated in accounting. So the visible part of the balance sheet is extended by
an invisible part. Therefore life cycle assessments (ISO 14040:2006) can be used.
liabilities

assets
visible
equity

fixed assets

accruals

inventory
receivables
cash on hand

visible part of
the balance sheet

long-term debt
short-term debt
invisible
equity

used environmental
resources

invisible
obligations

invisible part of
the balance sheet

obligations to
society
following Sveiby (1997)

figure 1: idealistic invisible balance sheet
As a consequence, the traditional understanding of accounting (assets and liabilities complemented by a cash flow statement) would be generalized by representing resources on the assets
side and the carriers of the resources on the liabilities´ side. Even if the idea seems convincing,
the author currently sees some problems for an immediate implementation of the integrated approach:
1. single resources have to be separable: in reality there are synergy, cumulative, distance and long-term and compensation effects for environmental impacts.
2. a comprehensive inventory of the resources used like in traditional accounting will
not be possible: there is no complete catalogue of all environmental resources used
by the companies, moreover many effects are not yet known or researched.
3. monetary values do not exist: acquisition costs or market prices are not given, an alternative would be reproduction costs
4. monetary valuation is difficult for many resources, like biodiversity.
5. traditional accounting principles like prudence, sincerity, completeness, regularity
und materiality can only be transferred partly: but the Global Reporting Initiative
shows, that first steps for clear principles and guidelines are made.
4 REALISTIC APPROACH: THREE-STEPS
As an ideal decision tool seems not to be feasible at present, a three-step approach shall be
proposed.
1. step:

Differentiated EVA
presentation of recognized environmental resources in
traditional managerial and financial accounting

2. step:

Adjusted EVA
presentation of not recognized environmental resources in
decision tools based on a monetary assessment (e.g. capital
charge)

3. step:

Extended EVA
presentation of not recognized environmental resources in
decision tools based on non-monetary assessments (e.g.
balanced scorecard, life cycle assessments)

figure 2: realistic three-step approach
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Differentiating the value

On the first step environmental resources shall be separated in order to support decision making. So cost accounting is differentiated on the level of cost type accounting, cost center accounting and cost unit accounting. The following figure underlines the importance to differentiate environmentally relevant costs: In the case study company the disposal costs increased
rapidly from one period to the other. When separating the costs, the analysts realized that the focus should not only be laid on the disposal costs, that increased indeed. However the main performance are the hidden costs that incur as material costs and costs for transportation, storage
and administration.
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figure 3: differentiating costs
Already internalised costs of the eco-orientation of companies are recorded within the classical accounting as action costs for avoidance, reduction, substitution, salvage and disposal and
valuated with market prices (market price approach). To these belong, for example, labour costs
for the environmental manager or the costs for a company-owned sewage plant. Nevertheless,
some peculiarities regarding environmental costs have to be considered:
1. Environmental investments are often very capital intensive.
2. Environmental costs change only under proportionally when production changes because they are often fixed costs.
3. Environmental costs can often not be allocated directly to cost units. They are therefore predominantly overhead costs.
4. Environmental investments are often irreversible.
5. As environmental investments and production processes go hand in hand the elasticity of costs decreases.
6. Environmental measures base on direct and/or indirect effects. Direct effects refer to
the costs that can be directly correlated with the measures. However, if for example
prices for purchased components or resources increase these are indirect effects.
7. If environmental costs can not be determined easily then the additional costs or savings can be investigated using a difference or incremental analysis. The same can be
applied for the calculation of additional product features.
Applying the concept of life cycle costing, the traditional short-term perspective is followed
by a long-term perspective, taking into account investment and follow-up costs. The main objective of life cycle costing is to provide information for decision making in order to optimise
cash outflows, cash inflows and timing over the life cycle of a decision object
(Hunkeler/Lichtenvort/Rebitzer 2008). This objective can be broken down into three parts:
• support for investment decisions
• cost allocation
• information for planning, control and performance measurement.
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Life cycle costing is particularly applicable when dynamic information is incorporated into
decision making processes. In this regard the basic accounting system of a company has to provide sufficient data. As an instrument for investment decisions it is applied from the perspective
of a customer on an ad hoc basis for such decisions that refer for example to alternative products, like different construction materials. If a customer knows the total life-cycle costs of alternatives, he or she can evaluate trade-offs between the initial investment and follow-up costs and
chose the better alternative. Moreover, external costs can be considered as another cost category. From the producers´ perspective in can be used for cost management.
For a life cycle costing-based decision the following information is relevant:
• cash inflows for the products sold
• cash outflows for the goods or services (in general for acquisition or designing, development and production, operation, maintenance and finally waste
disposal)
• timing and amount of payment
• life cycle length (planning horizon),
• discount rate.
For a general description of the steps of life cycle costing see for example Woodward, D. G.
(1997). The step of data collection is considered as the one most time and resources have to be
spent.
alternative 1

discounted
costs
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maintenance costs
waste disposal
costs
time

alternative 2
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discounted
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acquisition costs

operating and
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figure 4: life cycle costing


Adjusting the value

Because the effects are so complex, often not all components are internalised. Legal regulations transform external effects into internalised costs, but because of insufficient information or
a lack of political enforceability other costs may remain. Those have to be considered too in order to represent the total monetary consequences.
External effects result from the use of resources and represent influences that affect the direct
utility of others, can not be governed by the price mechanism and can not be controlled by the
economic subject that is affected by the external effect (Pigou 1932). External effects can originate in production or consumption activities and impair the production or utility function of
other economic subjects by causing a damage to the overall economic efficiency. External effects occur when goods are scarce and a resource is not used according to its economic value. In
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the monetary valuation one can partly see a value inversion because property can actually have
a negative value, when considering accruals for brownfields. The reasons for the non-valuecongruent use can be a lack of valuation or missing responsibility. External effects can occur in
a positive or negative manner, however all demands submitted by the stakeholder groups refer
exclusively to negative effects which lead to tangible or intangible damages (external costs).
Characteristics are the failure to comply with the polluter-pays principle, the passing on to noninvolved third parties as well as the failure of the market mechanism.
The optimal degree of internalisation can be reduced to the compulsory (already internalised
effects) or as an inclusion of all resulting effects. Since the absolute lower limit due to legal
regulations (e.g. public charge for sewage water) has to be observed by all companies and an internalisation of all external effects would lead to an abolition of any production activities one
has to ask for an optimal solution. The following net-effect can assist this decision:
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figure 5: net effect for internalisation
But there still remain some problems to be considered:
• Because of their complexity scientific relationships are partly not yet sufficiently known to assess the impact between the source of a damage and the
damage itself (diffusion effects).
• If a company emits several pollutants then these can cumulatively lead to a
higher damage than the sum of the damages caused by each pollutant (synergy effects).
• The impacts of a certain burden type caused by a company can, when considered isolated, have only minor consequences. However, when the impacts
of the same burden type of several companies are cumulated then the damage
can grow exponentially (cumulative effects).
• The effect between the source of damage and the damage itself often takes
several years to appear so that the perpetrator can not unequivocally be identified anymore or the effects have to be allocated to several periods respectively (long term effects).
• Especially for energetic emissions high distances can lay between the source
of the damage and the occurring damage (distance effects).
• Finally the possibility exists that two effects counterbalance each other
(compensation effects).
Based on the complexity of the effects and the problem areas discussed above, it could be
concluded that an integration of environmental aspects in decision tools can not be accomplished. But, it has to be the objective of environmental management and accounting to record
where and in which form internal and external burdens occur.
As traditional life cycle costing did not integrate external effects an environmental life cycle
costing approach has been developed (Hunkeler/Lichtenvort/Rebitzer 2008).
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Extending the value

If the environmental resources can not be valued in a monetary way, other possibilities have
to be searched for. So on the last step a non-monetary assessment is recommended. Therefore
the life cycle assessment standard ISO 14040:2006 can be applied:

1

goal and scope definition

• goal definition
• system boundary
• functional unit

2

inventory analysis

• material and energy flows
- with associated environmental releases
- over the product life cycle
• qualitative aspects

3

4 interpretation

impact assessment

• classification
• characterization

• priorities

• normalization

• ecological optimization

to evaluate the significance

• sensitivity analysis

figure 6: life cycle assessment
In order to be able to use life cycle assessments to control performance drivers, some prerequisites have to be fulfilled:
•

•

•

A clear cause-effect relationship must exist; so top-down (how can the environmental performance be influenced?) and bottom-up-analyses (what are
impacts of different material and energy flows on the overall environmental
performance?) can be executed.
Operational (OPI) and management performance indicators (MPI) can be distinguished. The first focus on specific input or output, whereas the second
represents strategic indicators. Moreover, environmental condition indicators
of the region can be added, as companies may have a significant impact on
their local environment.
Finally, the general principles for indicators have to be fulfilled: Target oriented objectivity of the valuation which makes an intersubjective test possible; validity of the valuation which shall make sure that the results of the
valuation satisfy the desired requirements; reliability of the valuation which
is guaranteed if a procedure, when applied repeatedly, leads to the same result and practicability of the valuation, i.e. the procedure can be carried out
without substantial costs.
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EXECUTIVE SUMMARY: The German Sustainable Building Council (Deutsche Gesellschaft
für Nachhaltiges Bauen, abbrev. DGNB) was founded in 2007 with its headquarters in Stuttgart.
It aims to support and promote sustainable building methods and technologies and to draw up a
certification system that will apply both in Europe and internationally.
Core topics are:
•

Protection of resources

•

Protection of the environment

•

Health, comfort and well-being of the user

•

Protection of public goods and ideals

•

Maintenance of value

These aspects are based on the three classic pillars of sustainability: economy, ecology and social quality. Together with additional technical, process and site-location quality standards these
flow into the German Sustainable Building Certificate (GeSBC). This paper describes the system and its boundary conditions
1 INTRODUCTION
Over the last few years clear-cut agreements have been reached in Europe aimed at increasing
and safeguarding building quality from the standpoint of energy efficiency; the European Directive on the Energy Performance of Buildings is one such agreement. In addition, a number of
rules and regulations exist covering other aspects such as limiting harmful substances in building materials. A future trend will be the certification of buildings. In other words ensuring
transparency and comparability when taking an holistic view of the three pillars of sustainability: economy, ecology and social quality. Other countries already have systems in place, for example LEED in USA and BREEAM in Great Britain. At the present time in Germany work is
being carried out on a second-generation system that fully embraces the three classic pillars of
sustainability as well as honouring site-location quality, process quality in addition to technical
quality. This is being developed by the German Sustainable Building Council (GeSBC) in cooperation with the Federal Ministry of Transport, Building and Urban Affairs.
GeSBC objectives include the development of a certificate that describes the sustainable quality
of the entire built-up world (buildings of all occupancy types, bridges, streets, tunnels …) as
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well as the introduction, operation and further development of a certificate of sustainability
(German Sustainable Building Certificate). In addition, the GeSBC seeks to increase awareness
and appreciation amongst professionals and the population as a whole with regard to the subject
of ecology and the built-up world; it speaks on behalf of the entire construction industry from
the planners, suppliers of building materials and constructional elements through to the construction companies. The tasks include the build-up of know-how, the creation of networks as
well as the transfer of knowledge as does gaining international acceptance of the certificate as
well as the system upon which it is based.
The system lays claim to being progressive and as such able to adapt to changing scientific
knowledge, shifting political framework conditions as well as the changing goals of society.
And not least of all, it must be possible to transfer the system to other climatic regions. This is
particularly important with regard to Europe, but also outside of Europe. The background is to
be found in the submission that in comparison with other regions of the world German and
European building quality already demonstrates a high standard and that the goal is to make this
standard correspondingly transparent and comparable. The support of all the branches concerned with the built-up environment is one of the more important characteristics of the certification system. These include the clients, planners, suppliers of building materials and constructional elements as well as the construction companies who actually carry out the work, those
with political responsibility and legislators.
2 STRUCTURE OF SYSTEM
The content and scope of the German Sustainable Building Certificate is based on establishing
those fundamental socio-economic and environmental values worthy of protection (Figure 1),
categorising them according to objectives and the resulting rating based on the three classic pillars of sustainability as well as specially identified grades. Process quality in particular guarantees quality assurance in planning, construction, utilization, demolition and recycling.

Figure 1. Classification overview of the German Sustainable Building Certificate
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Comparisons of different variations can be analysed by means of a computer program as a project progresses; as an end result this will achieve the optimum variation for the location and type
of occupancy. For the future real-estate market certification will represent a significant factor
with regard to lettability and sales. Initially, work was carried out on a version for office buildings; a version for existing real-estate properties and other uses such as industrial and residential
buildings will follow.
3 METHODS
The system is based on various tools and degrees of detail. Throughout the course of a year a
list of 63 different profile criteria was drawn up and categorised according to the pillars of sustainability as well as cross-sectional qualities and were used to create the beta version that is
now available; this will form the basis for practical testing that will be carried out during a pilot
phase.
The profiles form the content of the basic framework for the system and are supplemented by
guidelines on how to apply the criteria, a certification manual as well as the associated basic and
further training for qualifying as an auditor, the person responsible for accompanying the building certification process. The quality of work demanded of the auditors in particular is very
high; this is guaranteed through appropriately extensive training consisting of online and instructor-led courses.
A systematically built-up structure of evaluation weightings allows the system to adapt to different boundary conditions, the international environment or different types of building utilization. Moreover, evaluation weighting determines the relevance of the effects that the criteria
have on each other on the one hand as well as providing a higher-level evaluation of the pillars,
which can be modified according to usage, on the other. This ensures the creation of an adaptable system that can react to changes to the built-up environment or the boundary conditions
that are to be assessed without having to make changes to the fundamental systematic approach.
The system is based on a computer program that on the one hand carries out an analysis of the
building and its evaluation status during the course of a project, and on the other enables variations to be compared that influence planning optimization. Furthermore, upstream filters can
provide a simple method of adapting to international requirements or even different forms of
utilization; this will allow the profiles to be assessed to be approved together with the weightings that have been modified in line with the task. The actual grade for each pillar, the total
grade or even that of sub-sections can be displayed throughout the course of a project, enabling
actual statuses to be viewed at any time required during the project (Figure 2).

Figure 2. Screenshot of the computer system displaying the rating/grade
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4 PROFILES AND INDICATORS
The profiles contain all the relevant information to fully describe a topic and facilitate clear-cut
allocation to target performances and the action required (Figure 3). Also indicated are the time
when the rating is made, relevance, measurement and reference values, the planning and construction phases that have been included as well as rating criteria and measurement regulations.
All of this is supplemented by the relevant standards or authoritative literature as well as possibly applicable computing tools.

Figure 3. Typical first page of the beta version of profiles
Ecological quality comprises the effects on the global and local environment as well as the use
of resources and amount of waste produced. This contains 15 criteria including, for example, the
potential greenhouse effect or the acidification potential, which can be collated by means of a
life cycle assessment. In addition, the urban heat island effect is recorded via the micro-climate
profile. In the resources section the energy drawn from both renewable and non-renewable
sources is evaluated as is the materials used and the amount of waste created. In addition, topics
such as water consumption as well as the use of surface area are evaluated in the sustainability
pillar ecology.
The topic economy is initially covered by life-cycle costs; value stability is to be integrated at a
later point in time with the sub-section surface efficiency as well as the capability to convert the
type of use; however, no scientific basis is available to date.
The German Sustainable Building Certificate places a great deal of emphasis on social-cultural
and functional quality in civil engineering building activities. This contains 14 criteria. The topics health, sense of well-being and user satisfaction are covered by the aspects thermal comfort
in summer and winter, indoor air quality, acoustic comfort as well as visual comfort. Moreover,
these contain criteria relating to user influence; meaning individual regulation of sun and glare
protection as well as climate control of rooms. The background is to be found in the greater
level of acceptance that accompanies an individual's ability to influence his or her working environment as well as increasing levels of performance that go hand in hand with good (daylight)
illumination and a comfortable climate. Further criteria include the quality of outside space as
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well as the design of the roof as a fifth facade, this playing a significant role in densely populated towns and cities in particular. The design quality is borne by a commitment to architect
competitions; these facilitate a certain variety and comparison of different designs. Moreover,
considered within the framework of sustainability art in architecture is also seen as a beneficial
investment for both users and surroundings. Barrier-free accessibility of buildings, in particular
at ground-floor level as well as corresponding design aspects that allow convenient use of bicycles round off the contents in the social and functional section.
Technical quality includes the evaluation of the external envelope of the building in the section
technical thermal and damp protection quality of the facade. Further criteria take into account
fire protection, soundproofing as well as the quality of the technical equipment of the building
with regard to operability and back-up capability. In addition, the criteria recyclability relating
to the complete lifecycle including demolition has also been included. In this case, consideration
is given to the consumption of materials described at the beginning of this paper and the question of designed-in suitability for dismantling and separation as well as reusability and recyclability of the construction.
Process quality includes recommended actions for planning, construction and operation of
buildings. This guarantees complete documentation, promotes integral and iterative sustainability planning and requires the inclusion of efficient operation requirements through energy,
cleaning and measurement concepts that must already be drawn up at the planning stage. As is
known from experience gained from numerous research projects buildings require particular attention in the first one to two years of use in order to ensure optimum adaptation of the planned
efficient use of building technology to meet operating and user requirements. Deviations of up
to 50% between the calculated and the actual energy requirements of a building when in operation are not seldom. The planning is examined as early as the project preparation phase and aims
to ensure interdisciplinary occupancy of the planning team as early as the competition phase.
Finally, the assessment includes site-location quality with factors such as accessibility to public
transport, the image and state of the location as well as conditions at micro-location level, which
include factors such as electromagnetic radiation.
5 PROCEDURE
The certification procedure is based on existing systems. To begin with a declaration of intent is
issued, which can lead to pre-certification during the planning stage. The background to this
preliminary certificate is that the pursuance of high-levels of quality can be utilized for successful marketing purposes. Furthermore, it leads to an obligation to achieve the goals accordingly
and to actually undertake the necessary measures. The final certificate is not awarded until the
building is in use, as it is then possible to check the planning. This approach guarantees that all
necessary criteria are fulfilled. The certification process is also accompanied by an auditor who
has been specially trained for the task; acting as a facilitator he or she is able to offer the planning team appropriate assistance.
A certificate is issued together with a certified document detailing the overall grade achieved
and awarding a medal along the lines of the Olympic idea - bronze, silver and gold - together
will individual grades for all six fields of quality as well as placing at the highest level various
politically and environmentally relevant target values such as the total energy requirement. This
ensures a high degree of transparency and fast comparability. In addition, it is planned to introduce a plaque that can be mounted in a visible position on the building.

6 SPECIAL FEATURES
Why are we in Germany now developing our own system when the systems mentioned at the
beginning are already established on the market?
Europe already has different standards that guarantee world-class quality, for example in the
field of total energy efficiency. What is more, the technology - in particular in the field of building construction and building technology - is already recognised worldwide and in Germany es-
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pecially it is clearly in demand and actively being promoted. Making these outstanding qualities
transparent and capable of being evaluated is the objective of the second-generation system.
• It will be possible to evaluate sustainable building practices and the overall quality
• The awareness for total quality will increase
• The quality will improve and will once again be appreciated
• The image of the construction industry will improve
• 80 to 90% of the total costs are created when operating buildings - these will become
transparent and it will be possible to check them
• The early incorporation of all participants ensures optimum determination of requirements and planning
• 80% of all German real-estate is more than 25 years old; the situation across Europe is
similar; that means action is required fast to ensure that the consumption of energy and
materials can be drastically reduced.
• The system offers a significant contribution to achieve changes in the market.
What is more, the GeSBC certificate evaluates the economic side of progressive structures and,
in contrast to other established systems, includes the entire built environment - which also includes bridge structures, for example.
The system resides at the cutting-edge of science and is supported by numerous high-ranking
scientists and companies. For the first time ever it offers a holistic and objective method of
comparability of sustainable buildings that takes the complete life-cycle into consideration.
Thus, it enables the investment and commitment of numerous lone battlers to be distinguished
and for them to act as pioneers for many further projects. Moreover, clear-cut financial benefits
result; not just from reduced operating costs, but from improved marketing, greater acceptance
and better rentability.
7 LITERATURE
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ABSTRACT:
Higher education of professionals in the construction and real estate sector is in the process of
“Greening curricula”. Pressures to educate environmentally literate workforce are increasing.
Leading construction companies worldwide are becoming involved in green construction.
“Green building, green project, green property, green procurement as well as green living and
green citizenship” are concepts that are used in business like in voluntary organisations.
The literature survey shows that technical universities worldwide have incorporated modules, courses and programmes of sustainable construction. In general, new teaching methods
and approaches are regarded as necessary due to the complexity of triple bottom-line issues of
the sustainable construction. In addition to traditional lecturing and exercises, life-cycle and
overall performance matters are taught by methods of team-work, problem-solving and learning-by-doing.
The material for this study was gathered from literature and virtual site visits of universities
as well as a questionnaire among the participants of the COST C25. First remarks concerning all
the material is that there are still few technical universities with a cross-cutting strategy about
sustainability. Among the participants of the C25, 50% informed about systematic educational
approach. This study is related to the initiative in the WG2 of C25 to establish a knowledge base
to support development of educational material on sustainable constructions.

1 INTRODUCTION
Educational needs in the field of environmental, social and economic sustainability have grown
parallel with increasing awareness about global threats to nature and climate. In 1972, The
United Nations Conference in Stockholm regarded education in environmental matters as “essential in order to broaden the basis for an enlightened opinion and responsible conduct by individuals, enterprises and communities in protecting and improving the environment in its full
human dimension”. Nowadays, four international organisations of higher education are cooperating in the “Global Higher Education for Sustainability Partnership (GHESP)”:
- Copernicus-Campus is a network responsible for the University Charter for Sustainable
Development, known also as Copernicus Charter, signed by more than 300 university
heads in European countries;
- University Leaders for a Sustainable Future ULSF serves as the Secretariat for the Taillores Declaration that is signed by more than 370 university presidents and chancellors in
over 40 countries;
- International Association of Universities IAU provides a global Forum for cooperation
among more than 650 member universities and institutions of higher education which
have formally adopted the Kyoto Declaration on Sustainable Development
- UNESCO, which is also the parent organisation of IAU.
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However, adoption of sustainability issues in educational and research programmes of technical universities has been slow. It can be described by an example of Delft University of
Technology DUT, the Netherlands. Jansen, Mulder & Pessers (2005) tell the story: In the
1970’ies, debates were loud but achievements small. By 1990’ies, the number of new courses
on environmental issues grew slowly and incidentally. First courses were concerning with urban design, energy and chemistry. During the last decade, development has been more systematic, and education is offered at all levels. DUT is an example of the universities, which
have also signed a declaration aiming at improvement of sustainable education (Copernicus in
1996). Courtney Kibert (2000) illustrates a similar story about “the greening of the University
of Florida” that began in 1990 with the signature of the Talloires Declaration and the promise
to make environmental education and research a central goal in this institution.
In the starting phase of the sustainability education, most of the objectives were related to environmental issues. Gradually, the importance of economic and societal aspects has been better
understood and taken care of in practice, too. Based on experiences of sustainable education in
Delft University, Mulder argues that “an academic engineer should not be trained as a pure designer of technology but as a ‘social’ engineer” (2004). The future engineer will become the
manager of the designers of sustainable technology and therefore must also be able to address
social issues.
2 AIMS AND METHODS OF THE STUDY
This study is a part of the initiative in the COST Action C25 to create a knowledge base of educational material related to sustainable construction, with a focus to life-time structural engineering. Its main purpose was to gather preliminary information about:
- current teaching strategies, and possibly related reasoning
- examples of organization and planning
- educational material available, especially in the web.
The study has been conducted by a literature survey and collaborative analysis of its findings,
as well as by a questionnaire among the participants of the COST Action C25 who are representing 26 countries. Replies to the survey were available from 16 universities in 14 countries
(Table 1).
The main source of literature was obtained from virtual site visits in Internet, as institutes of
higher education are well representing their organizations and activities there. The universities
considered in this study are presented in Table 1.
Table 1: Sources of study material.
Universities
included in the literature survey
Universidad Politecnica de Catalunya (UPC), Barcelona
Delft University of Technology
Cardiff
Strathclyde
Chalmers, Gothenburg
U.S. universities (Courtney
Kibert 2000, Tinker&Burt
2004)
Stanford
Georgia Tech

Reply to the C25 Survey
Country
University
Czech R.
TU Prague
Greece
Aristotle University of Thessaloniki
Finland
TU Tampere
Italy
U of Naples Federico II/Architecture
Italy
U of Genova
Latvia
TU. of Riga
Lithuania
Kaunas U of Tech.
Malta
U. of Malta/ Civ.Eng.
Norway
U in Trondheim
Poland
Rzeszow TU
Portugal
U. of Minho/ Civ.Eng.
Romania
U. of Timisoara
Serbia
U. of Belgrade/ Civ.Eng.
Sweden
KTH, Stockholm
Sweden
University of Gävle
Turkey
U. Dokuz Eylul Izmir/ Architecture

No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Reports on education prepared in connection to Sustainable Building (SB) Conferences organized by International Initiative for Sustainable Environment iiSBE and CIB were also available for the study. The questions in the C25 Survey are presented in Table 2.
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Table 2. Questions in the C25 Survey.
No
1

2
3

4

5
6

Question. The same questions were presented for two cycles (e.g. BSc and MSc)
Is a programme that focuses on sustainability available at your institution at the level of the
first cycle? If yes, please give the name, scope of the program and possibly a link to a web address
Are there any courses available that focus on sustainability at any programme at your institution?
If the answer was yes to the previous question, please give the course title/s and provide more
detail information about courses (e.g. number of hours in the classroom, type of projects, examination, literature, …).
If the answer was yes to the question 2, please refer to qualification of the teacher in charge of
the course/courses (e.g. civil engineer/architect/other and academic degree lecturer/docent/professor).
If there are any courses available that just tackle sustainability issues in any way, please write
about it in a similar way as above.
What kind of education material is used in courses mentioned in 2 – 5? Who are the authors of
the basic literature and whether this material is in a public domain?

3 FINDINGS FROM THE LITERATURE SURVEY
3.1 Needs of sustainable education
The Copernicus-Campus (2006) network is promoting two important processes by stating: “To
meet the challenges of a sustainable society, universities should be pro-active in realization of
the Bologna reforms in order to face globalization and to serve the learners of the future”.
The construction and real estate sector is starting to turn sustainable or green. This process
will require many companies to modify their working methods and practices. Construction educators can help this process by providing curricula that address sustainable or green issues. This
means that each academic engineer should be trained and taught to understand economic and
social aspects, and be skilled in interdisciplinary thinking and problem solving. Collaborative
working and life-long learning methods should also be skills of new engineers.
There is both a moral and financial responsibility to educate future professionals in sustainable issues. Several papers and course brochures argue with similar views. like e.g. Horvath
(1999), Dawe et al. (2005) and Tinker (2003). Leading construction companies are becoming
involved in sustainable or green construction, and they are seeking for properly knowledgeable
graduates. The certification of buildings is becoming obligatory or necessary on many markets.
Owners and developers, especially on the public sector, are more often demanding life-cycle information about constructions. This evolution will result to a situation that all construction professional will be involved to some extent in sustainable issues. Horvath (1999) summarized the
objectives of “environmentally-conscious construction education” as follows:
- to provide every civil engineering student with a notion that environmental issues are
increasingly important in construction, in addition to the engineering and economic aspects, and that construction activities have large environmental impacts
- to teach students in construction engineering and management the practical methods and
tools to lower the environmental footprint of construction design and management
- to organize continuing education courses for construction engineering and management
practitioners to inform them about the latest developments in environmentallyconscious construction.
Sustainable education has also seen as a means to appeal more students to construction sector. In 2007, the Stanford University made a proposal to all U.S. civil and environmental engineering departments that the theme of “Engineering for Sustainability” is a new focal point that
reunites the disciplines as well as increases the visibility, attractiveness, and relevance of our
curriculum to today’s pressing problems (Luthy et al 2007). Similar remarks have been published, too that sustainable education could assist to appeal new students to engineering and especially civil engineering departments.
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3.2 Strategies
It has been concluded in several papers and surveys concerning sustainability in higher education that new innovative approaches in teaching and learning are needed. A sustainable institution should impart a basic understanding of
(a) the complex environmental, social, and economic issues
(b) the nature of the political, organizational and individual responses needed.
Integration of the education of sustainable construction to the current programs requires both
resources and skills of collaboration. It is almost a rule that several departments of one university or from various universities creates programmes together. It is also very common that
stakeholder networks are created for consultation and contribution in planning and realization of
research and education.
According to Hovard (1999), the objectives of sustainable education can be achieved by:
- including environmental modules in existing courses
- developing new courses that focus on environmentally-conscious construction
- encouraging and advising undergraduate and graduate research projects.
Teaching Objectives in Georgia Tech are formulated - from the instructor’s perspective - as
follows (Vaneblas et al 2002)
- Familiarize students with the concept of sustainability as it applies to the built environment,
and its ramifications for design, decision making, and construction practice
- Introduce students to a general approach for solving problems, and show how it can be applied to real world problems
- Acquaint students with the principal theories, materials, and construction techniques used
to create environmentally conscious buildings or retrofit existing buildings to be more sustainable
A research has been conducted in the U.K. concerning sustainability in higher education. It
revealed three prevailing orientations in the teaching of sustainable development(Dawe et al,
2005)::
- Educators as role models and learners. This orientation places an emphasis on how the tutor
can act as a role model for students in order to offer a credible and authoritative perspective
on the realities of putting sustainability principles into practice.
- Experiential learning by reconnecting to real-life situations. This orientation focuses n real
and practical life issues and actual experiences as learning situations.
- Holistic thinking. Many of the skills and knowledge for sustainable development are associated with complex, multi-layered and interconnected systems. This approach encompasses a more open-ended exploration of interdependency and transdisciplinary connections between subjects as well as including approaches to developing and honing critical
thinking.
Courney Kibert (2000) argues that many institutions have begun implementing environmental
literacy programs but few studies have been published indicating what methods of environmental education have been effective in creating changes in specific components of environmental literacy. However, several universities and centres argue that they are continuously collecting feedback from their selected strategies and methods, and in this way they are searching
the best solutions.
Centres of sustainable development have been created in several European universities like
for example Copernicus in Utrect University and Construction Knowledge Wales linked to Cardiff University. A part of their activities is usually related to the higher education. Example of
the University of Gothenburg, Sweden is similar: it was one of the first universities to sign the
Copernicus Charter for sustainable development in 1993. Together with the Chalmers University of Technology, it holds nowadays a centre for environment and sustainability that mainly
runs research projects and contributes to doctoral studies. Some of the university centres are
providing special programmes for certification purposes (e.g. Berkeley Extension).
Individual courses in sustainable construction are not the only technique to include environmental education into the construction curriculum. Sustainable ideas can be incorporated into
existing classes throughout the program. Materials and methods courses can be supplemented
with environmental products and techniques included in each respective CSI category. Alternate
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energy systems, efficient HVAC and water conservation techniques can be included in mechanical and electrical courses. Efficient material usage can be taught in estimating courses and
environmental jobsite techniques can be covered in construction administration or project engineering courses.
A widely known example of arranging sustainable education is University of Catalunia, Barcelona, UPC (Ferrer-Balas et al., 2002 – in Mulder). It approved its first environment plan in
order to introduce environmental commitments within the university. The plan covered six major areas of university life: undergraduate education, postgraduate education, research, university life, awareness raising and coordination. The main and most ambitious objective in the area
of education was the curriculum greening of all the subjects offered at UPC. To start working on
this, the first step was to prepare a collection of manuals (one for each school or faculty) to assist students (and lecturers) as an introduction to the study of environmental impact in final theses. The second step was to involve the schools in order to produce a school curriculum greening plan (SCGP) for each school. These SCGPs had three main phases:
• to establish the profile of environmental knowledge that a student needs to learn
• to design the optimal ‘green’ curriculum
• to establish an action plan at school level.
Apart from the lecturers of each school, the process for producing these SCGPs also involved
professional associations and former students of the schools. They helped to establish a curriculum greening team (and responsibilities) in almost every school that produced an SCGP. Once
the main schools at UPC had produced the SCGP, the next step was to work with the ‘horizontal
structure’ of departments, in order to produce a department greening plan (DGP) for each one.
Unlike the SCPGs, the DGPs covered not only curriculum greening, but also research and department life. The idea was to work with a structure closer to the reality of the lecturer, who, ultimately, is the key actor in the curriculum greening process.
3.3 Teaching approaches
Based on the literature, the sustainability education consists usually both of basic courses on
sustainability issues and cross-cutting approaches integrated in the professional courses. This
strategy is logical to the general view that the core competence of engineers has to be based on
technologies and skills and attitudes needed for sustainability are complementing. However,
there are opinions that sustainability shall be regarded as a core competence of engineers.
The situation in Delft university of Technology represent the picture of several universities as
follows (Jansen et al 2006, Mulder 2004):
(i) An elementary course, ‘Technology in sustainable development’, for all students. The elementary course consists of two elements: a general and theoretical component of 40 study
hours covering the most relevant concepts, models and practical exercises and a department
specific component of 40 study hours connecting sustainable development to the specific
discipline.
(ii) Intertwining of sustainable development in all regular disciplinary courses, in a way that
corresponded to the nature of each specific course. Adequate intertwining of sustainable
development in disciplinary courses depends on the nature of the course. A design course
demands a different approach from a fundamental natural science course. In order to ‘learn
by doing’, one or two pilot projects per department will be set up to gain experience in how
models and methods to intertwine sustainable development in different categories of
courses can be used.
In Delft like in many other universities, it is also possible to specialize in “sustainable engineering”. This may take place in all levels of higher education (first or second cycle, licenciate
or doctoral level or in post-doctoral level). In Delft, the requirements for students following this
path would be graduate work that is clearly sustainability oriented, following a selection of three
to five sustainability oriented courses. The selection would have to cover some 400 study hours
plus a thorough sustainability analysis of the subject of the thesis.
Approaches and experiences of Georgia Tech are presented in many papers and at the website. The curriculum development is presented in Figure 1.
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Figure 1. Curriculum development in Georgia Tech (Vanegas et al 2002)

In the Colorado State University there are three environmental courses: Sustainable Design
and Construction, Appropriate Technology for Sustainable Living and Sustainable Technology
in Built Environments. The first course mentioned is unique in that it is an interdisciplinary
course in which students travel to the Virgin Islands and live and learn in an eco-camp for two
weeks.
Texas A&M University has recently added two environmentally-related courses to the graduate curriculum. These include Earth Construction and Sustainable Construction. The first course
investigates various methods of earth construction and includes hands-on experience in several
earth methods. The Sustainable Construction course has even included a trip to the International
Green Building Conference.
4 PRELIMINARY RESULTS OF C25 SURVEY
4.1 Summary of the answers
So far, the answers were got from 14 countries. Most likely, the research material will cover
more countries and more universities in the near future. The summaries of the answers are presented in Tables 3 and 4.
In general, the answers were carefully answered, and programmes and courses were well described.
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Table 3. Summary of the answers to the C25 Survey concerning the first cycle (e.g.BSc). Notations: means that there is no information given, + means that information was given.
Programme
no
no
no

Course

4
5
6
7
8
9
10
11
12
13

no
no
no
no

yes
no
no
no

no
no
no
no

yes
no
no
yes

14
15
16

no
yes
no

yes
yes
no

1
2
3

no
no
yes

Information

BIO-5000 Sustainable Development
+
Low Energy Buildings
Elements of ecological engineering, Solid waste management, Water supply, Integrated
water resource management
+
+
-

Teachers
teacher

Issues incorporated
yes
yes
yes

Material/
web
+
teacher

+
-

no
yes
yes
yes

+
teacher
+
-

+
-

no
no
yes

+
-

+
+
-

no

+
+
-

Table 4. Summary of the answers to the C25 Survey concerning the second cycle (e.g. MSc). Notations: means that there is no information given, + means that information was given.
Programme
yes
yes

Course

Information

related
related

3
4
5
6
7
8
9
10
11

no
no
no
yes

no
no
no
yes

Buildings and Environment
Environmental Protection & Sustainable Development (post)
+

yes
yes

yes
yes

12
13

no
yes

no
related

14

yes

15
16

no

1
2

no

P: Urban Ecological Planning
P: Sustainable construction
P: Sustainable Construction and
Rehabilitation
Educate! – Postgraduate course in
Water Resources and Environmental Management, e-learning/
EESI Environmental Engineering
and Sustainable Infrastructure
-

Teachers
+
-

Issues incorporated
no
no

Material/
web
+/+
-/+

+

yes
yes
yes
yes

+
teacher
+
+/+

+
+

yes
yes

+
+

+

yes
-

+/+

-

-

-

-

no

-
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4.2 Remarks about the answer
A few European technical universities has organised programmes or courses clearly dedicated to
sustainability approaches or according to a cross-cutting strategy. Less programmes are given in
the first cycle than in the second one, the same holds with the number of courses. Durability issues are included in some design courses. In the programmes dealing with sustainable construction, integrated approaches and collaborative learning methods can be find at least as a goals –
the same mindset that can be found at several websites from universities outside Europe.
An interesting e-learning programme was presented by Snezana Marinkovic from Belgrade:
“This programme is a joint venture with universities in Athens, Bucharest and Ljubljana. It
is an e-learning type of program. First thematic area covers scientific background and it includes subjects such as Hydraulics and Hydrology, Ecology, Chemistry and Microbiology,
and Data Analysis Tools. Second thematic area: Water Supply and Distribution Management. Overall, the module is expected to involve students in approximately 150 hours of
learning, including 12 2.5-hour lectures; 50 hours assignments; 70 hours private study.
One assessed coursework assignment (4,000 equivalent words including graphs and tables).
Problem sheets and computer based problem solving. Examination paper (60%), Course
work (40%) 3-hour examination, closed note and closed book.
Petr Hajek from the Czech Technical University in Prague describes the Master Programme
Buildings and Environment in the following way:
Program is focused on conceptual solution of building energy and environmental systems
and building structure - heating, ventilation, air-conditioning, power distribution, control
together with knowledge about building physics - thermal, lighting, acoustics in framework to create buildings with quality indoor environment and minimized impact to environment aimed to contribute to sustainable buildings. Theoretical courses from applied
mathematics and physics give the base for applied science and practical courses divided
into two specializations - building services and building structures. Training is completed
in education of research and practical projects, using team-working method. Students will
get knowledge about environmental and energy performance of buildings, which gives
them opportunity to have integrated approach to solve problems.
5 CONCLUDING NOTES
The literature survey and questionnaire among the participants of the COST C25 are very preliminary, and aimed at a general view on the education in sustainable construction. The study
has been very promising.
The “lessons learnt” listed by Mulder (2004) are in agreement with the first results of the C25
survey:
- Including environmental and sustainability aspects in engineering education is possible,
although this requires considerable effort and produces slow results
- Generally speaking, faculties are interested in and agree with the objectives of introducing sustainability in the curricula, but do not know ‘how to do it’.
- Sustainability should be an integral element of the designing process and of the development and implications of technology.
- Teaching a basic course on sustainable development alone is not enough to educate sustainable engineers.
- Teaching staff is generally hired and promoted based on research qualifications; engineering schools tend to hire specialized teaching staff instead of broad-minded problem
solvers.
- To realize a cultural change in engineering education both top down and bottom up approaches are needed. Personal initiatives are thereby inevitable, but structural agree-
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ments are essential to put the theme on a more permanent base on the agenda of a university.
- International exchange of experiences is needed not just to prevent failure, but also for
moral support.
The preliminary survey has shown that the initiative of COST C25 to establish a knowledge
base for educational material is important, and the participants are invited to work for it.
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1 INTRODUCTION
Already in the proceedings of the workshop of this Cost action C25 (2007) it has been
pointed out by many contributors what the significance of the building Industry is towards the
sustainability issues. There is no need to repeat these issues here, however important and true
they still are. The interested reader is referred to these proceedings of 2007, because a lot of the
information on criteria for sustainable construction has been published there.
One year further the picture becomes a little bit clearer. We can address many ad hoc issues
regarding sustainability of constructions, but because of the holistic nature of sustainability the
picture is still far from complete. And indeed the question could be raised will it ever be complete. Will we achieve a methodology that truly address all sustainability issues in a complete
way, that can measure and weigh all relevant criteria in order to come to global sustainable construction solutions., or will we always be “hindered” by our viewpoints, focussing on one item
and more or less disregarding others?
Of course there will be contradictions in our solutions, the more economic solution is perhaps
good or bad from a social point of view , perhaps worse or better from the environmental point
of view. To make these effects visible however should always remain our goal.
It becomes clear that more consensus is appearing on environmental criteria. They are relatively easy to define. This is perhaps also the case for economic criteria, but thusfar the focus of
this action has not been enough in this area to make this clear. For the social parameters however it seems that we are still very far from reproducible and easy quantifiable criteria. Methodologies to weigh and balance them against other parameters are still far away. The survey
amongst a number of different countries in Europe shows that even on environmental issues
there are still many differences in approaches, tools and methods. Even on this relatively clear
field of environmental LCA calculations many issues still need to be resolved. Harmonisation
on methods and implementation is still much needed.
On of the reasons that social and economic criteria have perhaps given less attention her is
that the problem of system boundaries here is very hard indeed. Of course economic criteria if
we look at the construction itself can be fairly easy. Building cost information on materials, labour etc. etc. are widely available. The problem becomes bigger however if we want to include
effects of the building or construction in a wider economic perspective. Does it create extra
jobs, does it improve productivity, to what extend, or just the opposite. Does it induce extra traffic of people etc. etc.? The same boundary problem goes for the social parameters. And even
worse, these social and economic parameters like jobs and income are interlinked and influence
each other?
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Another main issue that remains unsolved is the question of Life cycle. The whole life cycle
assessment can only be as good as the best possible prediction of the service life of the construction which is it assesses. Of course life cycle scenarios can give us directions on what to expect
under different assumptions of the service lives. The problem however remains the same. The
matter of the service life becomes more and more complex when materials, elements and systems, each with different service lives are combined to form complex constructions. This is already the case for bridges, but perhaps even more so for buildings.
Of course there are always more questions than answers, but still we feel confident that with
these contributions some, perhaps small, steps forward have been made.
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Global Methodology for Sustainability Assessment: Integration of
Environmental LCA in Rating Systems
L. Bragança & R. Mateus
University of Minho, Department of Civil Engineering, Guimarães, Portugal

ABSTRACT: Sustainable construction is a multidimensional concept that is based in the performance of a construction through the three dimensions of sustainable development: environment, society and economy. Sustainability assessment and rating systems are intended to foster
more sustainable building, design, construction, operation, maintenance and disassembly/deconstruction by promoting and making possible a better integration of environment, societal, functional and cost concerns with other traditional decision criteria. The use of improved
materials and building technologies can contribute considerably to better environmental life cycle and then to the sustainability of the constructions. Although, life-cycle assessment (LCA) is
considered the best method to evaluate the environmental impacts, most of the sustainability rating systems are not comprehensive or consistently LCA-based. The reason is mainly linked to
the complexity of the stages of a LCA. Based in the harmonization work that is being carried
out by the European Centre of Normalization (CEN) and by the iiSBE Portugal in the development of the Portuguese rating system (SBToolPT), this paper will discuss the difficulties and solutions to turn possible the integration of more accurate environmental assessment methods in
rating systems.
1 INTRODUCTION
Building sustainability assessment (BSA) and rating tools comprise the ways in which built
structures and facilities are procured and erected, used and operated, maintained and repaired,
modernised and rehabilitated, and finally dismantled and demolished or reused and recycled.
It is widely recognized in the field of the Sustainability Assessment that Life Cycle Assessment (LCA) is a conceptually preferable method for determining the environmental effects of
materials, rather than relying on singular material proprieties or attributes, such as recycled content, recycling potential or distances travelled after the point of manufacture (Carmody, 2007).
There are several international recognized LCA tools.
LCA is internationally recognized as a usable approach to evaluate the environmental impacts of products or processes during their whole life-cycle. It is basically quantitative, and it
considers the material and energy flows. The methodology has been developed and used for tens
of years, but it was only standardized in the mid-to-late 1990s’, by the International Organization for Standardization (ISO14040-42). The LCA fits at best to the level of single product or
material, but it is generally accepted to be applied for construction products and whole building,
too. Environmental performance is generally measured in terms of a wide range of potential effects, such as:
- global warming potential;
- stratospheric ozone depletion;
- formation of ground level ozone (smog);
- acidification of land and water resources;
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- eutrophication of water bodies;
- fossil fuel depletion;
- water use;
- toxic releases to air, water and land.
All of the mentioned above environmental impacts or aspects are indicators of the environmental loadings which may occur from manufacture, transportation, use and disposal of a product. However, these indicators do not directly address the ultimate human health and ecosystems
effects, a much more difficult and uncertainly task, they provide good measures of environmental assessment. It is given that reducing any of these effects will result in a better environmental performance. The results of an LCA depend, above all, in the list of environmental categories that are considered in the assessment.
The adoption of environmental LCA in buildings and other construction works is a complex
and tedious task as a construction incorporates hundreds and thousands of individual products
and in a construction project there might be tens of companies involved. Further, the expected
life cycle of a building is exceptionally long, tens or hundreds of years. For that reason LCA
tools that are currently available are not widely used by most stakeholders, including those designing, constructing, purchasing or occupying buildings. Due to its complexity most of them
are used and developed only by experts, most times only at academic level.
In order to overcome this situation, most popular rating systems simplified LCA for practical
use. The simplified LCA methods currently integrated in rating systems are not comprehensive
or consistently LCA-based but they are playing an important role in turning the buildings more
sustainable. Nevertheless, the LCA approach is not the same in the different sustainability assessment methods and therefore the results of the environmental performance assessment are not
the same nor comparable. The integration of more accurate environmental assessment methods
is needed to verify if the required performance has really been achieved, to accurate compare
solutions and to compare the results from different rating systems.
In order to standardize, facilitate the interpretation of results and comparison between different building sustainability assessment methods developed within the European Countries, CEN
(European Centre of Normalization) started on the Technical Committee 350 (CEN/TC 350).
The working document (TC 350 WI 002) is a part of the a suite of European standards, technical specifications and reports written by CEN TC 350 that will assist in evaluating the contribution of buildings to sustainable development through the assessment of the environmental performance of the building. In these standards the assessment methodology is based on a life cycle
approach for the quantitative evaluation of the environmental performance of the building. For
now these standards are specific for buildings but, with the necessary adaptation, their approach
could be adopted to any type of constructions.
Based in the work of CEN TC 350 and in the work of iiSBE Portugal in the development of
the Portuguese rating system SBToolPT, this paper will discuss the environmental indicators that
should be considered in rating systems and solutions to integrate LCA-based methods in rating
systems without turning unpractical its use by most stakeholders.
2 STEPS IN THE LCA OF BUILDINGS AND CONSTRUCTIONS
Life cycle assessment (LCA) is a systematic approach to measuring the potential environmental
impacts of a product or service during its lifecycle. LCA considers the potential environmental
impacts throughout a product’s life cycle (i.e. cradle-to-grave) from raw material acquisition
through production, use and disposal.
LCA is very important to compare several possible alternative solutions, which can bring
about the same required performance but that differ in terms of environmental consequences.
For constructions, such bridges, the embodied environmental performance of the building materials as well the construction impacts on landscape and biodiversity will often dominate the construction’s life-cycle environmental impacts. For buildings, such as dwellings and offices, lifecycle environmental impacts are often dominated by energy consumption, in space heating or
cooling, during the operation phase: it is estimated that the operation phase in conventional
buildings represents approximately 80% to 94% of the life-cycle energy use, while 6% to 20%
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is consumed in materials extraction, transportation and production and less than 1% is consumed through 1% end-of-life treatments (Berge, 1999). In buildings, design teams should seek
for more energy-efficient alternatives, while in other constructions, like for instance dikes and
bridges, priority should be given to eco-efficient materials. Nevertheless, with the development
of energy-efficient buildings and the use of less-polluting energy sources, the contribution of the
material production and end-of-life phases is expected to increase in the future.
There are two combined standards developed specific to set the framework and requirements
of a LCA that replaced the former four LCA standards (ISO 14040, ISO 14041, ISO 14042, ISO
14043) in 1st July 2006: ISO/FDIS 14040 2006-07-01 Environmental management – Life cycle
assessment – Principles and framework; and ISO/FDIS 14044 2006-07-01 Environmental management – Life cycle assessment – Requirements and guidelines.
According to ISO 14040, framework for LCA includes:
- Goal and scope definition of LCA;
- Inventory analysis (LCI);
- Impact assessment (LCIA);
- Interpretation;
- Reporting and critical review;
- Limitations;
- Relationships between the LCA phases, and
- Conditions for use.
As presented in Figure 1, LCA is essentially an iterative process.
Life cycle assessment framework
Goal and scope
definition

Inventory
analysis

Interpretation

Direct applications:
- Product development and improvement;
- Strategic planning;
- Public policy making;
- Marketing;
- Other.
Impact
assessment

Figure 1. Stage of an LCA in ISO 14040:2006.

LCA can be applied to a single product or to an assembly of products, such as a building. For
building and other constructions (B/C) the general framework for LCA involves the following
goals and LCA steps (Kotaji, Schuurmans & Edwards, 2003):
1) The lifecycle of the B/C is described. What is included in the study will depend on the
scope. It may include how the B/C is constructed, used, maintained and demolished and
what happens to the waste materials after demolition. These are processes that contribute
to the life-cycle performance of a B/C, but which will not be included in all studies.
2) The B/C is “broken down” to the building material and component combinations
(BMCCs) level. This is the composition of the B/C to be analysed. The way in which the
BMCCs are defined is not necessarily important; what matters is that the B/C is completely described through the addition of the BMCCs.
3) For each BMCC, the LCA of the production process (cradle-to-gate) is carried out. Their
LCAs may include the transport processes to the B/C site, the construction process, the
operation and maintenance processes, the demolition processes, and the waste treatment
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processes for each of the waste materials defined in the B/C model. This would be a cradle-to-grave analysis.
4) The BMCC-LCA results are added together, resulting in the LCA of the B/C. The various
BMCC-LCAs should be carried out consistently according to the goal and scope.
A typical life cycle of a building can be separated into three distinct phases, each consisting of
one or several life cycle stages, as illustrated in Figure 2. The assembly phase refers to the collection of raw materials through resource extraction or recycling, the manufacture of these raw
materials into products, the assembly of products into a building, the replacement of building
products and assemblies, and intermediate transportation. The operation phase refers to heating
and electricity requirements, water services and other services excluding material replacement.
The disassembly phase refers to the decommissioning and demolition of the building, the disposal/recycling/reuse of building products and assemblies, and intermediate transportation steps.
Each life cycle stage can consist of many unit processes.

Figure 2. Life cycle of a building (Optis, 2005).

3 INTEGRATION OF LCA IN RATING SYSTEMS
3.1 Sustainability assessment indicators
The sustainability rating and certification systems and tools are intended to foster more sustainable building design, construction, operation, maintenance and disassembly/deconstruction by
promoting and making possible a better integration of environment, societal, functional and cost
concerns with other traditional decision criteria.
These systems and tools can be used both to support the sustainable design, since they transform the sustainable goal into specific performance objectives and to evaluate the overall performance. There are different perspectives in different sustainable building rating and certification, but they have certain points in common. In general, these systems and tools, deal in one
way or another with the same categories of building design and life cycle performance: site, water, energy, materials and indoor environment (Bragança, Mateus & Koukari, 2007).
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The sustainability indicators of the construction and real estate sector give information about
the influences of the industry as a whole and about the impacts of construction and operation of
buildings and other built assets. Different approaches for indicators exist due to differences between societies, industrial traditions, environment and geography. The industry-specific indicators may be developed in the framework of national and European sustainability strategies that
define high-level indicators. In some countries, the industrial indicators have been developed
collaboratively with the stakeholders and consumers which can be regarded as the most advanced sustainability strategy (Agenda 21 by CIB 1999). Typically, the industrial indicators are
related to issues of economy and occupational health, and customer satisfaction. The sustainability indicators for a building project can be selected from governmental, sectoral and community lists of indicators.
As an example of the sustainability categories and indicators in building sustainability assessment, Table 1 lists the indicators of the building sustainability rating method SBTool Portugal (SBToolPT), developed by the Portuguese Chapter of the International Initiative for a Sustainable Built Environment (iiSBE Portugal).
Table 1. List of categories and indicators used in the building sustainability assessment method SBToolPT.
Environmental
Societal
Economic
Performance
Performance
Performance
• Climate change and outdoor air quality:
Greenhouse gas emissions;
Destruction of the stratospheric ozone
layer;
Potential acid deposition onto the soil
and in water;
Local tropospheric ozone formation
(smog);
Addition of mineral nutrients to the
soil or water.
• Biodiversity:
Urban density;
Re-use of previously developed sites;
Contaminated land re-use;
Use of native plants;
Heat Island Effect.
• Energy efficiency:
Non-renewable energy consumption;
On-site production of energy from renewable sources.
• Materials use and solid waste:
Materials depletion;
Re-use of salvaged materials;
Use of recycled materials from off-site
sources;
Responsible sourcing of materials;
Use of cement substitutes in concrete;
Design features and local constrains to
minimize waste during building construction and operation phases.
• Water efficiency:
Consumption of water resources;
Rainwater retention and grey water recycling.

• Occupants health and comfort:
Effectiveness of ventilation in indoor
occupancies;
Off-gassing of pollutants from interior finishing materials;
Thermal comfort;
Lightning comfort;
Acoustic comfort.
• Accessibility:
Public transport accessibility;
Accessibility to key amenities;

• Costs:
Market value;
Affordability of the rental or lifecycle’s costs;
• Building adaptability and flexibility
Maximization of flexibility and
adaptability of the building to future
changes

LCA is an important tool for sustainable assessment since it is used to assess the environmental
performance in a more accurate and straightforward way. As it is possible to understand from
Table 1, LCA is an important aspect in building sustainability assessment; nevertheless it is only
used to assess the environmental performance of a product.
The number and type of environmental impact category indicators are different in the several
sustainable assessment methods. There is a wide range of impact category indicators, normally
categorized according to the endpoints or the midpoints. Endpoints are also known as damage
categories and express the effect of the product in the Human Health, Ecosystems Quality, Cli-
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mate Change and Resources. LCA methods that use this type of impact categories are damage
oriented and they try to model the cause-effect chain up to the endpoint, or damage, sometimes
with high uncertainty. The midpoints, also referred as indicators, are the measures between the
emissions and resource extraction parameters from life-cycle inventory (LCI) and the damage
categories. These impact categories are used in the classic impact assessment methods to quantify the results in the early stage in the cause-effect chain to limit the uncertainties. Midpoints
uses to group LCI results in the so-called midpoint categories according to themes as “destruction of the stratospheric ozone layer”, “acidification of land and water resources” or “global
warming”.
LCA can be incorporated into rating systems for buildings to quantify environmental burdens
associated with the manufacture of building products. Such burdens include the consumption of
primary resources and the output of gaseous, liquid, and solid wastes. Most of the rating systems use midpoint impact categories but do not assess the B/C’s environmental performance in
a LCA consistent way, because they do not include LCA-based indicators.
Three examples of rating tools that integrates LCA-based Environmental Performance Criteria are: SBTool, Green Globes and Code for Sustainable Homes. Nevertheless, they use a simplified LCA approach to promote its practical use.
SBTool incorporates LCA into its criteria as referred in Table 2. The environmental performance is based on the embodied energy of building products and assemblies, quantified per unit
floor area (iiSBE, 2007). User can both select the LCI data or an external LCA tool to calculate
the embodied energy (Larsson, 2007).
Green Globes incorporates LCA into several of the used criteria, as outlined in Table 2. LCI
data for building materials are developed by the ASMI (GBI, 2008). However, documentation
describing the methodology in which points are awarded based on LCI data is not publicly
available.
Code for Sustainable Homes encourages the use, in housing construction, of materials that
have less impact on the environment, taking account of the full life cycle (BRE, 2008). The
credits are obtained for choosing a specified proportion of major building elements that have a
high environmental performance. To assist the user, the system integrates a handbook that provides a “green” guide to specification of construction materials for housing which is both easy
to use and soundly based on LCA studies of the environmental impacts of different materials
(Anderson & Howard, 2006).
Unlike the three presented rating systems, an example of a popular rating tool that does not
incorporate LCA criteria is LEED. Rather, the criteria for building products are based on percentage requirements established through pilot projects conducted in the late 1990s (Brown,
2008).
The differences between the environmental impact assessment approach in the several rating
methods – because some of them are not LCA-based, not based in a reliable LCA method (because do not integrate the most common impact categories) or do not share the same impact
categories – difficult the comparison of results from different rating systems.
The goal of the work undertaken by CEN/TC 350 standardization mandate is to overcome
this problem at the European level, through the development of an approach to voluntary providing environmental information for supporting the sustainable works on construction. The
working document (TC 350 WI 002) sets the environmental indicators that should be used in the
European building sustainability assessment methods. The aim of the list of the impact categories is to represent a quantified image of the environmental impacts and aspects caused by the
object of assessment during its whole life cycle. As referred in Table 3, according to the future
CEN standard the assessment of the environmental performance of an building should be made
through the evaluation of five quantified indicators for environmental impacts expressed with
the impact categories of the life cycle impact assessment (LCA) and nine quantified indicators
for environmental aspects expressed with data derived from LCI and not assigned to the impact
categories of LCA.
The assessment approach of this future CEN standard is applicable to new and existing
buildings. It provides a calculation method that covers all stages of the building life cycle (assembly, operation and disassembly phases) and the list of environmental indicators is developed
in such way that potentiates the use of the LCI data issued from Environmental Product Declarations (EPD).
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Table 2: SBTool, Green Globes and Code for Sustainable Homes LCA-based Environmental Performance Criteria (Optis, 2005).
Rating system
Category
Aim
Criteria
SBTool
Non-renewable primary To minimize the emMeet threshold for emenergy embodied in
bodied primary energy
bodied energy of strucconstruction materials
used in the building
ture, envelope and major interior assemblies,
as determined by LCA
Green Globes
Low Impact System
To select materials with Select materials for
and Materials
the lowest life cycle
structural, roof and enenvironmental burdens
velope assemblies that
and embodied
reflect the results of a
‘best run’ LCA
Minimal Consumption
To conserve resources
Specify materials from
of Resources
and minimize the enrenewable sources that
ergy and environmental have been selected
burdens of extracting
based on a LCA
and processing nonrenewable materials
Specify locally manufactured materials that
have been selected
based on a LCA
Code for Sustainable
Environmental impact
To encourage the use of Credits are awarded deHomes
of materials
materials with lower
pending on the LCA
environmental impacts
performance profiles of
over their lifecycle.
the building materials
and components used in
the building.

Table 3. Quantified indicators for environmental impacts/aspects assessment according to CEN TC 350
WG1 N002 – Working Draft.
Environmental impacts expressed with the Environmental aspects expressed with data
impact categories of LCA
derived from LCI and not assigned to the
impact categories of LCA
• Climate change expressed as Global • Use of non-renewable resources other
Warming Potential;
than primary energy;
• Destruction of the stratospheric ozone • Use of recycled/reused resources other
layer;
than primary energy;
• Acidification of land and water re- • Use of non-renewable primary energy;
sources;
• Use of renewable primary energy;
• Eutrophication;
• Use of freshwater resources;
• Formation of ground level ozone ex- • Non-hazardous waste to disposal;
pressed as photochemical oxidants.
• Hazardous waste to disposal;
• Nuclear waste (separated from hazardous
waste).

In future, all standardized European sustainability assessments should consider the same list of
indicators, the new sustainability rating systems should be consistent with it and it is expected
that the existing ones will be adapted to this new approach. The Portuguese building sustainability assessment method (SBToolPT) it is already updated according to the requirements of this future standard.
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3.2 Quantification of the environmental indicators
The two most important barriers to the quantification of the environmental indicators and therefore to the incorporation of LCA in rating systems are: a lack of LCI data for all building products and the inherent subjectivity of LCA.
There are numerous different types of building products manufactured by myriad manufacturers in Europe. Each building product is manufactured using a specific set of materials and
technologies and has unique transportation requirements due to the locations of primary resources, the manufacturing facility and the building. LCI data are thus unique for each individual building product. To incorporate LCA into a rating system in a comprehensive manner
would necessitate a LCI database containing data for every type of building product available in
the market.
Such a database is not a present reality given the lack of LCI data for many building products.
Current LCI databases, rather, are based on national, European or world averages for building
products taken from one or a few data sources. Averaged data could cause some distortions in
results when comparing different products.
The inherit subjectivity of LCA is related to the fact that a fair comparison of environmental
performance of building products would require a standardized procedure for conducting an
LCA that is applicable across the entire building industry, and such standardization currently
does not exist (Optis, 2005).
Environmental Product Declarations (EPD) are a good source of quantified information of
LCI environmental impact data. In order to potentiate their use, rating systems should be based
in the same LCA categories, as stated in the future CEN standard. Nevertheless, at the moment,
there are important limitations on this approach, since there is only a small number of companies either having or making publicly the EPD of their products.
One solution to overcome this problem, when the EPD for the used materials are not available, is to import the results that come from the use of external LCA tools and methods (e.g.
SimaPro tool and CML2 baseline 2000 method). One important drawback of this process is that
LCA procedures are very time consuming and complex and therefore most design teams do not
have the necessary expertise to perform it. This is one important constrain in the implementation
of more sustainable practices in building and construction.
The best solution is to develop and use databases with the LCA data of the most used building materials and components. In order to facilitate the quantification of the environmental indicators of the whole construction, SBToolPT uses this approach. Therefore a database, with the
quantified values of the same environmental indicators used in the EPD, was developed and is
continuously updated. This database covers the common building technologies for each building
element (floors, walls, roofs and windows, doors), the most common maintenance procedures
and the most used building materials.
The environmental indicators were quantified using the SimaPro software and several LCI
databases with the average environmental impacts of each used building material (e.g. EcoInvent, IDEMAT 2001, etc.). Figure 3, presents how the information is organized in the LCA database for a building component and the list of environmental indicators and LCA methods used
to quantify it. In the database of the building components the quantification is presented per
each component’s unit of area (m2) and in the materials database values are available per each
unit of mass (kg). Quantification is presented for two life-cycle stages: “cradle to gate” and
“demolition/disposal”.
SBToolPT uses a bottom-up up approach in the quantification of the whole building environmental performance. The quantification begins at the level of the embodied environmental impacts in building materials. Therefore the first step is to quantify the number of total square meters of each type of construction component and multiply it with the environmental impacts per
unit of area (that are in the LCA database). After, the impacts related to the operational energy
use and to the maintenance are added in order to quantify the whole building indicators. Table 4
illustrates the principle of calculation of the total environmental of the building life cycle using
the data issued in the SBToolPT LCA database.
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Building
component:

Hollow brick cavity wall (15cm+11cm) with thermal insulation in the air cavity
Life cycle
stages

Environmental impact categories of LCA
GWP 2
ODP 3
AP 4
ADP 1

Cradle-togate

3.70E-01

Dismantling
and disposal

2.08E-01

Total
5.78E-01

Comments:

9.53E+0

1.02E-04

1
3.17E+0

1.91E-01

5.00E-06

1
1.27E+0

1.42E-01

1.07E-04

2

POCP5

EP 6

1.13E-02

2.54E-02

5.40E-03

3.33E-01

1.67E-02

2.95E-02

5.49E-02

Ref:
Wall 1
Embodied energy
NR 7
R8
8.68E+0

1.01E+0

2

2

4.75E+0

2.83E+0

2

0

1.34E+0

1.04E+0

3

2

Considered materials: Hollow brick, XPS (thermal insulation) and Portland cement
mortar
LCA methods: CML 2 baseline 2000 method (version 2.04, to quantify the environmental impact categories of LCA ) and Cumulative Energy Demand (version 1.04, to
evaluate the embodied energy)
LCI librarie(s): Ecoinvent system process

Notes:
1

Abiotic depletion potential in kg Sb equivalents;

2

Global warming potential in kg CO2 equivalents;

3

Ozone depletion potential in kg CFC-11 equivalents;

4

Acidification potential in kg SO2 equivalents;

5

Photochemical ozone creation potential kg C2H4 equivalents;

6

Eutrophication potential in kg PO4 equivalents;

7

Non-renewable embodied energy in MJ equivalents;

8

Renewable embodied energy in MJ equivalents.

Figure 3. Part of the SBToolPT LCA database.

Table 4. Principle of the quantification of the whole building’s life cycle environmental impacts.
Building
Component (Ci)

Area
(m2)

C1

A1

x

(…)

(…)

x

(…)

(…)

x

+
ADPn/m2
=

+
GWPn/m2
=

ADP’e

GWP’e

ODP’e

÷

÷

÷

÷

÷

÷

=

=

=

ADPe

GWPe

ODPe

APe

POCPe

+

+

+

+

ADPm

GWPm

ODPm

+

+

ADPo

Cn

An

LCA indicators

Whole building embodied
environmental impacts

Whole building embodied
environmental impacts
/m2.year
Environmental impacts of the
maintenance scenario
/m2.year
Environmental impacts of the
operational energy use for
heating and cooling
/m2.year
Total life cycle impacts of
the whole building
/m2.year

ADP1/m2
+

GWP1/m2
+

ODP1/m2
+

AP1/m2
+

POCP1/m2
+

EP1/m2
+

NR1/m2
+

R1/m2
+

(…)

(…)

+
ODPn/m2
=

+
APn/m2
=

(…)

(…)

(…)

(…)

+
POCPn/m2
=

+
EPn/m2
=

+
NRn/m2
=

+
Rn/m2
=

AP’e

POCP’e

EP’e

NR’e

R’e

÷

÷

÷

÷

=

=

EPe

NRe

Re

+

+

+

+

APm

POCPm

EPm

NRm

Rm

+

+

+

+

+

+

GWPo

ODPo

APo

POCPo

EPo

NRo

Ro

=

=

=

=

=

=

=

=

ADP

GWP

ODP

AP

POCP

EP

NR

R

÷
÷
÷
Time boundary of the LCA assessment
÷
÷
÷
Net floor area of the building
=
=
=
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3.3 Aggregation and global performance
As stated before, the assessment of the environmental performance of a construction across different fields and involves the use of numerous LCA indicators. Nevertheless a long list of indicators with its associated values will not be useful to assess a product or to compare the global
environmental performance. The best solution is to combine indicators with each other in order
to obtain the global performance of the solution (Allard, 2004).
The SBToolPT methodology uses a complete aggregation method for the global environmental performance (GEP), according to Equation 1.
G EP =

n

∑ w i .I i

(1)

i =1

Ii is the normalized value of the ith indicator and wi is the weight of the same indicator. The sum
of all weights must be equal to 1.
The objective of the normalization is to avoid the scale effects in the aggregation and to solve
the problem that some parameters are of the type “higher is better” and others “lower is better”.
In several endpoint LCA methods normalization is done using a normalization factor. In
SBToolPT normalization is done using the Diaz-Balteiro et al. (2004) Equation 2.
I −I
I = i *i
i
I* − I
i
*i

∀

i

(2)

In this equation, Ii is the quantified value of ith environmental indicator per net floor area and per
year in the solution under assessment. I*i and I*i are the benchmarks of the ith environmental indicator. I*i corresponds to the conventional practice and is the quantified value per net floor area
of the ith indicator in a virtual building that as the same shape of the building under assessment,
but that uses the conventional building technologies and materials in the region or country. I*i
matches the best practice and corresponds to the quantified value per net floor area of the ith indicator in a virtual building that has only 25% percent of the impact of a building that uses the
conventional building technologies and materials. This is a similar approach to the one used in
the energy labeling of buildings in Portugal.
Normalization in addition to turning dimensionless the value of the parameters considered in
the assessment, converts the values between best and conventional/reference practices into a
scale bounded between 0 (worst value) and 1 (best value). This equation is valid for both situations: “higher is better” and “lower is better”.
For example, the normalization of the Global Warming Potential for a hypothetical building
is done as presented in Table 5 and Equation 3.
Table 5. Example of benchmarking for normalization
Indicator
Global Warming Potential per net floor area and year
Notation
GWP
Unit
kg CO2.eq./m2/year
Value
100
Conventional practice 140
Best practice
35

GWP =

GWP − GWP* 100 − 140
=
= 0,38
GWP * − GWP*
35 − 140

(3)

In what concerns to the weight of each environmental parameters, there are not national impacts
scores for each environmental parameter, according to its relative importance to overall performance. Additionally, European Environment Agency did not have studies on it yet. However, there are some international accepted studies that allow an almost clear definition of it.
Two of the most consensual lists of values are based on the US Environmental Protection
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Agency’s Science Advisory Board study (TRACI) and a Harvard University study (NorbergBohm, 1992).
SBToolPT uses the TRACI approach, allocating the considered environmental parameters in
the impact categories of that method. Table 6 presents the relative importance of each impact
category, according to the US EPA’s Science Advisory Board study.
Table 6. Relative importance - weight (%) - of each impact category according to TRACI method (EPA,
2000)
Relative importance weight (%)
Impact category
8 impacts
12 impacts
24
16
Global warming
8
5
Acidification
8
5
Eutrophication
8
5
Fossil fuel depletion
16
11
Indoor air quality
24
16
Habitat alteration
4
3
Water intake
6
Criteria air pollutants
6
Smog
11
Ecological toxicity
5
Ozone depletion
11
Human health

4 CONCLUSIONS
Sustainable design, construction and use of buildings are based on the evaluation of the environmental pressure, functional aspects (related to the users and the local building codes) and
life-cycle costs. There is an environmental effect when something is taken from the environment
as a resource or returned to it as waste or emissions, which weakens or threatens the availability
of resources, the livable environment and the human health. The sustainable design searches a
bigger compatibility between the artificial and the natural environments compromising it with
the functional requirements of the buildings and the costs associated.
Although, LCA is considered the best method available to assess the environmental performance of a product, its application in construction is very complex. This is because the huge
number of different materials, actors, processes and also the wide life cycle span of a construction product.
Based in the work of CEN TC 350 and in the development of the Portuguese sustainability
rating system (SBToolPT), this paper presented some solutions to overcome the difficulties in the
integration of more accurate LCA-based approaches is the assessment of the environmental performance in rating systems. The development by experts of databases with the LCA data of the
most used building technologies and materials is a good solution to integrate more accurate and
LCA-based approaches, without turning the rating systems too complex for practical use.
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Multicriteria and multi-actors interactive tools aiding to sketch
the project choices during the first stages of the design, with
objective of best environmental performances, for new or existing
buildings
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ABSTRACT: Earth’s energy issues and its survival have been, for a few years, in the centre of
the preoccupations of different countries and in everybody’s mind. A big part (around 40 % for
Europe) of the energy consumption and CO2 emissions come from dwellings and use of them.
The present study explores a Multiple Criteria Decision Aid (MCDA) procedure, an aid to help
project authors optimise the building envelope during the sketch design, where a significant
number of choices are fixed, having a determining impact on the future building cost and use.
In Belgium, like in many European countries, the existing buildings represent the main part of
the building stock. These buildings are relatively old, and most of the dwellings are not at all or
not well thermally insulated; their airtightness is weak and their heating installations are old.
Two interactive tools have been developed within multicriteria and multi-actors context, in the
fields of new or existing buildings.
The first design tool (for new buildings) is organised in two linked modules, any actor may
go in any module in any time: the first one manages parameters describing the project requirements; the graphic module allows to draw the sketch; it calculates geometric parameter values
that it puts back in the first module. Permanently informed on cost and energy performances, the
user can any time search for optimal scenario giving best satisfaction or compromise: he has at
his disposal at lot of graphs illustrating the performance sensitivity to parameter variation, as
well as an optimisation procedure using a genetic algorithm to find the most efficient parameter
set.
In order to refurbish an existing building, the contractor and the architect are confronted with
many renovation options, and choosing the best intervention scenarios is not always easy. It’s in
this context that a dedicated software has been developed. The present paper describes the basis
and the hypotheses of the software, then the way to use it, and finally the results we get with
such a tool.
The questionnaire refers to building and systems parameters, but also collects the interventions authorized and whished by the user. After that the software tests all the possible combinations, while integrating the constraints defined by the user and by the technical feasibility. It
shows different solutions in a graphical way, with two by two inputs, corresponding to the performances chosen by the user. The results are shown in a graphical form, and sorted in decreasing order of user’s preferences.
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1 INTRODUCTION
The approach presented in this paper is an attempt to cope with the difficult problem of
ameliorating the dialog between the several actors intervening in the design of a building
envelope, using MCDA methodologies. The main purpose is to present the MCDA framework
which can help the sketch design, the earliest step, besides being a crucial one, in the whole
building envelope design.
We can consider three stages that lead actors to the sketch design (see Figure 1). The first is a
definition and negotiation stage between several private and public actors, where they express
their requirements and preferences, based on several criteria, parameters, regulations and
constraints. In the second stage, the actors build several scenarios by defining parameters and
assessing their values, with some imprecision and tolerance; resulting performances are
computed on the various selected criteria. This second stage is called the feasibility stage,
because it results in two questions: Is the scenario feasible? Is the scenario acceptable to the
stakeholders?
Loops are introduced in the process when negative answers are given to these questions, until
entering the third stage, the actual sketch design, becomes possible. After a first drawing of the
project, performance calculations can be refined.
The stakeholders then judge these performances as acceptable or not, and improvable or not.
Loops are envisaged in the case of non-acceptability or improvability, using a genetic algorithm procedure:
− each actor is so able to search for the optimal set of strategic parameters, which corresponding scenario gives the most satisfactory performances according to the criteria he considers
as relevant;
− all the actors may try to find the preferred compromise, defined by the values of strategic parameters which scenario is giving the performances that the best equally satisfy all the actors
together.
2 MULTIPLE ACTORS FEATURE OF THE BUILDING DESIGN PROCESS
The design process of a building is typically interactive, requiring the participation and mandatory satisfaction of several actors, each facing to multiple criteria decisions:
− The client initiates the whole operation; he may be the property developer, the owner, but
also a future occupant or a future user… He is increasingly involved in the design process
and in the search for design fitness to correspond to his requirements. Furthermore, the client's legal responsibility continuously increases, as does his responsibility in the building act.
He's well personally responsible for his building's environmental performance, namely the
energy consumption, etc.
Faced with these new duties, the client requests increased help from the design team. The
project should allow the client to assume his new responsibilities, while reaching his objectives of cost, building period duration, comfort and functionality. The client is considered,
however, as having no technical capacity, so the softwares should ask soft questions, using
familiar vocabulary.
− The project author is a generic term that more often designates the architect, but also the
consulting engineers (for structure, equipment…), the quantity surveyor, the project manager, etc. The project author's mission is so heavy, he often neglects matters he considers as
non-essential, e.g. the environmental aspects. Though a great deal of software is available to
compute energy performance, it is, unfortunately, rarely used by architects, in practice.
Software should help project authors in their task, while maintaining their particular objectives, e.g., their expressed needs and their wish for increased notoriety.
− The public authorities, representing the country or the region, are authors of constraining
lawful and normative standards (thermal, urbanistic or environmental regulations, etc.).
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Figure 1. The preliminary stages of the design process
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Finally, we see that the goal of the MCDA process and the linked software is to help each actor express his particular needs, either in the form of constraints or multiple objectives as well as
to build an interactive tool, capable of dialoguing with each actor in his own language, while
providing useful performance indicators.
Every architectural project is progressively defined, necessitating frequent interrogations to
the actors and making the corresponding adjustments (see [CONA-89]). The software should
thus be able to allow for these frequent data adjustments.
Furthermore, when adjustments – essential to the project viability – are discovered too late in
the design process or during the construction itself, they lead to additional costs, very often out
of proportion when compared to their actual importance. Figure 2 gives an expression of the influence, on the corollary adjustment cost, of the decisions taken along a project, in function of
the moment when they are taken [ALI M-99].
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Figure 2. Influence of decisions taken along a project on their corollary adjustment cost, in function of
the moment when they are taken

A first feasibility check of the project is important, in order to ensure that at least one solution
exists. The feasibility study enriches the negotiation and/or incites the actors to negotiate the objectives and the associated means again, when the solution set is empty.
If a feasibility study is not mandatory, i.e., when the solution set is not empty, it may save
time through a parametric definition of the project, which describes the relevant intervals of the
main parameters and, especially, their robustness, i.e. performance stability to parameter variations.
While remaining very imprecise in the feasibility stage, project data may be sufficient to define a "scenario" (see [ROY-00] and [MAYS-99]) that characterises the architectural choices
and allows evaluating resulting performances.
3 AMCE SOFTWARE: AN INTERACTIVE TOOL FOR INTRODUCING TECHNICAL
AND PREFERENCES DATA AND EVALUATING SKETCH DESIGN PERFORMANCE
OF NEW BUILDINGS
AMCE is an acronym for "Aid to the Multiple criteria Conception of the building Envelope"
(in French: Aide Multicritère à la Conception de l'Enveloppe de bâtiment). The software is an
object oriented program, developed in both French and in English, with the programming language Allegro© Common Lisp (Franz Inc.).
The usual starting point in energy software is the drawing of the sketch design itself: this approach lacks a first parametric phase, which allows defining a set of feasible solutions, among
them, the preferred choice (see [CRAW-98], [DE W-98], [RIVA-95]). In our proposed design
procedure, each actor chooses - and manages - the values of the main parameters, in order to
satisfy selected criteria, based on individual preferences and requirements.
AMCE has been built to facilitate an interactive introduction of technical and preference data
by each actor, based on his individual needs and capacity, and to compute performance criteria.

2.18

3.1 Selected criteria: project performances
The software evaluates performances concerning energy aspects for heating, air-conditioning,
domestic hot water and artificial lighting, as well as construction and use costs of the project:
− regulation performances as required in Belgium and in France;
− yearly energy consumption expressed in physical units (kWh), for heating and domestic hot
water (DHW), air-conditioning (HVAC), and artificial lighting;
− associated energy consumption costs, i.e. use costs;
− project construction cost, VAT and fees excluded.
3.2 Actor's preferences: choice of criterion types and thresholds
The architect, owner, tenant, property developer, etc., anyone intervening in the building process, can participate in its elaboration. Each actor defines a "scenario" summarising his desiderata
and requirements.

Figure 3.

Choice by the actor (here: the owner) of preferences and of relevant performance criteria

For each criterion, he specifies (see Figure 3 as above):
− the maximum admissible critical value;
− an associated preference function, using the Promethee typology as illustrated on Figure 4, as
true (≡ usual) criterion, quasi-criterion, pseudo-criterion, etc. [BRAN-86];
− thresholds P and Q of the preference function: if P = 0, this is a quasi-criterion, and if P = Q
= 0, the criterion is true (≡ usual);
− the weights he gives to the criteria: corresponding to the Promethee multicriteria approach, a
weight is like a coefficient of the importance the actor attaches to each criterion [SCHAR96].
Each user allocates any null or positive weight to each criterion: the criterion receiving the
highest weight is the most important one, while the criterion with the smallest weight is the
less important one. The software so gives each criterion the relative weight it has in proportion with the sum of all the weights accorded to the criteria set.
When an actor gives a null weight to a criterion, he expresses that he's completely indifferent
to this criterion he considers not interesting at all. Weight allocating is a personal subjective
matter depending on the value scale each actor feels on performance criteria.
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Figure 4. Promethee preference functions

3.3 Actor's scenarios and questionnaires for data introduction
An actor's scenario is a set of values the actor gives to the parameters he can understand and
control. The introduced parameters are just necessary and sufficient to the preliminary performance estimates. At this stage of the project, prior to any drawing of the draft, the geometrical parameters replace the geometrical variables, which will be defined later.
The questionnaire (see Figure 5) is organised by items, i.e., thermal comfort, fenestration, solar
aptitude, thermal characteristics of the envelope, equipment sophistication (to evaluate the efficiencies of heating and lighting systems), etc.
In order to fit the technical capacity of the user, the collection of parameter preferred values
characterising the project uses a questionnaire, organised on two levels:
− a semantic level, fitting the client's technical capacity; it helps the client specify his demands
and requirements;
− a more technical level is proposed to the project author, who defines the preliminary characteristics of the project by answering no more than 60 questions.
For example, a screen is proposed to the client (= owner), asking him for the shape aspects he
can define (upper part of Figure 5). The same question, but on a more technical level, is proposed to the project author (lower part of Figure 5). In order to facilitate user questioning, all
answers are previously filled in with default values; the user may modify them as he chooses.

Figure 5. Questionnaire proposed to the client (Geometry) and to the project author (Geometry: details)

Of course many parameters (and associated questions) may depend on other ones. For example,
when specifying that the roof is a flat roof, the user has not to answer questions about attics or

2.20

roof edge: these questions are suppressed from the questionnaire and are not asked. But, if a
positive – and not nil – angle is still chosen for the roof slope, these questions appear again and
must be asked if default values are not in accordance with actor's wishes.
For each parameter, the following help will be provided on request, by the right click of the
mouse:
− a more explicit definition of the parameter;
− values encountered in previous projects: the cultural approach of the project author is given
here, consisting in a database of projects already executed by him, with associated parameter
values.
For strategic parameters, each actor specifies the accepted interval in which the parameter
could vary. The actor thus chooses one tolerance interval level for each strategic parameter, according to his degree of certainty or/and his degree of requirement. Five different levels of "tolerance" intervals are proposed to the actor, for his chosen value (see right part of Figure 5):
50%; 30%; 15%; 5% around the chosen
value or no tolerance (fixed parameter).
“No tolerance” corresponds to parameter prescribed by conditions outside the project and that
so cannot be changed by the design team.
Sometimes, one or both limits of the chosen interval is/are technically prohibited. In this case,
the software introduces the largest technically feasible values within the preferred interval. This
tolerance interval mechanism is crucial for further performance sensitivity analysis, and for the
improvement step. If an actor enlarges intervals so that they are just limited by technical intervals, he may increase the set of admissible scenarios, e.g. his feasible decision space. Each time
he reduces his intervals, his decision space is reduced accordingly, as well as the degree of improvement he may hope for in the next stage.
3.4 Displaying and specifying scenario performances
A specific window (see Figure 6) lists the energy and cost performances obtained by all the scenarios defined by the actors (in bold: the actor currently using the software). Note that any actor
can try more than one scenario.

Figure 6.

Performance window

In order to clearly display the satisfaction reached on the criteria specified by each actor, the
background colour of each result cell is displayed: green when the performance is satisfactory
for the actor and red, when it is not.
In Figure 6, for instance, the "Owner" is satisfied with all the performance values excepting
that his scenario is unacceptable on: the French G/Gref and B/Bref coefficients; the cost of energy spent on "Heating + DHW". The right column of Figure 6 displays the relative classification of scenarios for each performance, in a monocriterion approach.
Figure 7 presents a Promethee total pre-order of the scenarios: the owner's (or client’s) scenario (# 1) is globally the best one, while the project author's one (# 2) is less good and the Actor 3's scenario (# 3) is the worse.
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Figure 10. Promethee total pre-order of the scenarios

3.5 Sensitivity analysis performed by AMCE
The software calculates the performance variation for the criteria considered by the actors,
according to the parameter variations, thus guiding the project author towards an improved
solution. The sensitivity of a chosen performance to the variation of one or two parameters can
easily be obtained, so.
First, AMCE produces the σ performances for each chosen tolerance interval of the parameters and for each actor. For example, Figure 8 displays, for each criterion, the performance interval produced by the interval of values (± 50 % tolerance) of the net total habitable floor area
around its central value (100 m²): the construction cost is 38,2 k€ for 100 m²; it increases 43,4 %
for a 50 % increase in area, reaching 54,7 k€, while a decrease of 50 m² produces, ceteris paribus, a fall of 41 % for a new amount of 22,5 k€. On this exemplary display we observe that
some va-lues are presented in a red cell: for instance, making variations of 50 % of floor area
becomes a prohibited scenario for the criteria B/Bref and still remains unsatisfactory relating to
yearly "Heating + DHW" energy cost, of course.

Figure 8.

Window showing performance sensitivity to the variation of net total habitable floor area
around its central value, 100 m²

Figure 9 (3-D graph) and Figure 10 (2-D graph) give the variation of the performance "Energy consumption (in kWh) for heating and domestic hot water", to both continuous and technically acceptable variations of the net total habitable floor area and of the roof slope together; all
the other parameters are remaining unchanged at their decided central values. When the user
clicks anywhere in the 2-D graph (Figure 13), he can obtain the corresponding values of floor
area and roof slope, with the performance obtained by this pair of values, all other scenario parameters remaining unchanged.
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Figure 9.

Some performance sensitivity to the variations of the floor area and the roof slope (3-D
graph)

At the end of the feasibility study, before any drawing has been made, two possibilities exist:
− Actors know the certain existence of at least one solution, as defined by the satisfactory parameter scenario. In this favourable case, they also know the sensitivity of the performances
to the different parameters. This information can be useful to arbitrate the divergent choices
or possibly to improve design.
− Or they are not able to find a scenario leading to acceptable performances. In this case, the
sensitivity analyses largely document the negotiation that must follow evidence of an empty
set of solutions. Negotiation then attempts to relax the most sensible constraints.

Figure 10. Some performance sensitivity to the variations of the floor area and the roof slope (2-D
graph)

Therefore, this first stage goes beyond a simple feasibility study, which would only show
whether or not a solution to the architectural problem exists. Defining a set of solutions, this parametric approach also locates a scenario space where the preferred feasible choice exists. The
combination of parameter intervals of validity/tolerance indeed defines a solution space, which
respects the criteria considered as relevant. Definition of this solution space is essential for the
strategy of future project improvement.
3.6 Monoactor optimisation procedure in order to reach the optimal scenario corresponding
to the most efficient project
With an optimisation procedure using a genetic algorithm, the software generates a random
population of individuals. Each individual is so a combination of possible values of the strategic
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parameters, among the 8 billion possible combinations resulting from the authorised values of
the 13 (up to now) strategic parameters within varying interval the actor has previously chosen.
Each "individual" is a 13 position vector where each position represents a strategic parameter.
The optimisation process is organised as follows:
1. A first population of individuals (which size is chosen by user) is randomly generated;
2. The fitness fx of each individual x is calculated using:
fx =

1
d

where d is like a "weighted distance" to optimal performance in the 13 dimension space of solutions:
d=

∑

n
i =1

(

Pi
• Wi )2
Ci

with:
• Pi = performance obtained relating to criterion i (all performances are to be minimised);
• Ci = maximal authorised (or wished) value related to criterion i;
• Wi = weight allocated to Pi;
• n = number of criteria.
3. Statistical evaluations: maximum, minimum and mean fitnesses are calculated; if the maximum fitness is larger than the absolute best – obtained up to now – individual's fitness, the
individual corresponding to the maximum fitness is saved as the absolute best one; otherwise
the previous absolute best individual is kept;
4. Stop conditions: the optimisation process is stopped if maximum number of generations is
reached or if the absolute best fitness increase over several generations is too small, so that
the convergence is considered as obtained;
5. Population scaling: the population fitnesses are scaled in order to avoid any premature convergence, i.e. any local optimum;
6. Reproduction loop:
• selection procedure: fitnesses are distributed on a pie and the Russian roulette randomly selects a fitness, with a larger chance to come across a high fitness; the corresponding individual (parent) is selected by the software and a second one with
the same way;
• crossover operator is applied to the selected pair of parents, giving children individuals;
• mutation operator is also applied to children individuals resulting from crossover;
A new population is so obtained, of new individuals. The process returns to step 2
(fitness evaluation).
The software so finds the best combination of strategic parameter values (Figure 11) that, in
fact, generates the most efficient scenario whose performances are the best satisfactory in accordance with the actor's preferences.

Figure 11. One-actor optimisation using a genetic algorithm
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In this monoactor optimisation, the actor's satisfaction is the convergence rule of the genetic
algorithm. On Figure 6, the Actor 3's scenario gave worst performances when compared to the
other ones.
After the optimisation, the new Actor 3's performances (displayed on Figure 12) have been
largely improved. Not only G/Gref and B/Bref are now acceptable, but all this scenario performances are largely better than those obtained with the other scenarios, even for the "Heating
+ DHW" energy cost, remaining beyond the admissible value previously defined by Actor 3.

Figure 12. One-actor optimisation using a genetic algorithm

3.7 Multiple actors optimisation procedure in order to reach the most preferred compromise
All the actors concerned by the project may to find their most preferred compromise, by using
the multiple actors optimisation procedure. This optimisation routine is similar to the monoactor
one, except of its convergence rule. The software must search for the scenario giving in the
same time:
− as best performances as possible;
− the most equal satisfaction to all actors: when a project obtains good performances but gives
actors too much different satisfactions, this project further life is threatened by the unsatisfied actor(s).
Before the procedure, a checking routine displays the parameter(s) conflicting with actors, i.e.
the parameter(s) whose actors' authorised intervals have no intersection (Figure 13).

Figure 13. Display of conflict parameters (here the floor area) between the owner and the project author
who's choice is similar to the Actor 3's one

When it happens, one can say that these scenarios are not comparable, so that any preferred
compromise does not exist. The conflict parameters must so be first negotiated between actors,
before any optimisation.
In this way, the individual fitness fx is differently defined than in the monoactor procedure:
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fx =

1
1
•
dmax (dmax − dmin )

where dmax is the maximum value (the worst performance) encountered in daj values related to
actors aj and dmin the minimum daj value. The fitness optimisation has two parallel objectives,
corresponding to the two terms in the fx expression:
− maximising the performances is similar as minimising their maximum weighted distance
(dmax);
− equalising the actors' satisfactions is the same as mini-mising the difference between dmax and
dmin values.
3.8 Sketch design: drawing the first draft and performance evaluation
The third stage of the decision process will allow a sketch design, but, at any time, the drawing
of the first draft could be realised by the project author, using the EsQUIsE module, developed
in LEMA [LECL-99].
EsQUIsE software is an experimental computer-based prototype interface for capturing and
interpreting the architect's sketch, by locating its architectural concepts: border line, functional
space and topology. The aim of this prototype is to compose a spatial semantic representation of
the architectural project, in order to feed diverse computer architectural design evaluation routines and to serve as a tool with interface that complies to the designer's working technique. The
EsQUIsE pen-based module performs the capture and the synthesis of the lines drawn on the
digital tablet. These lines are drawn in black (opaque walls), in blue (glazed walls) or in magenta (comments): see Figure 14.
The project author names the functional spaces; on this basis, the programme fixes their characteristics necessary for the evaluations. For example, the default comfort temperature assigned
to each occupied space is fixed according to its function as described in the captions: 18°C for
the kitchen, 24°C for the bathroom, etc.; the user may change it if he prefers another value.

Figure 14. Original sketch (ground floor) drawn on a digital tablet or with the mouse

After the drawing of the draft, the user can go back to the parameter module, where geometrical
data previously defined are replaced by the ones generated by the drawn sketch (Figure 15).
Other thermal or economical data of the questionnaire are unchanged.
The same evaluation routines check project performances of the drawn project, that are displayed in the performance window:
− either the performances are reached;
− or the performances are not reached. Any actor could try to satisfy each requested performance by using the parameter sensitivity analyses or the optimisation procedure. In the case
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of a conflict between reached and desired performances, a negotiation would be initiated, in
order to refine objectives and parameter values.
The project author presents the draft to the client, who is now able to react and intervene on parameters and desired performance values. Improvement (and/or optimisation) of the draft, by its
iterative modification and/or by the drawing of new drafts, will take the procedure back to previous stage.

Figure 15. Geometrical data replaced by the ones resulting from the sketch drawn with the EsQUIsE
module

3.9 Continuation of the project design
The result of the feasibility stage is a sketch which parameters – accepted by the several actors – give the best performances. It circumscribes the most efficient choices related to the energy and cost performances of the future building.
It now constitutes the project basis to be used in the continuation of the design process during
the detailed design that falls under topics currently developed and commonly used in architecture.
4 THE REFLEX SOFTWARE FOR REFURBISHMENT OF EXISTING BUILDINGS
It seems essential, nowadays, to also improve the performances of the existing building stocks,
in a sustainable development and an energy saving way, from the economic, ecological and social point of view. To do that, the contractor and the architect are confronted with many renovation options, and choosing the best intervention scenarios is not always easy. It’s in this context
that the software REFLEX (for Rénovation Efficace de Logements Existants, in English: efficient refurbishment of existing buildings) was developed by the Laboratory of Architecture:
Performances & Techniques (LAP&T) for the Électricité De France (EDT) company (electricity
supplier, France). This project concerns residential buildings, but could also be extrapolated for
other building types [AZAR-07].
The energy balance of a building takes into account every gains and losses of the building: the
building envelope (thermal insulation, steam permeability, windows), solar gains, internal gains,
building inertia, heating system, domestic hot water, air conditioning system and electrical
equipments.
The software mechanism can be broken up in 6 steps:
1 Data Input
2 Solutions generation
3 Valuation of performances
4 Preselecting according to the performances
5 Multicriteria analysis

2.27

6 Best solutions
4.1 Data Input
The first step is the data input. The software can be used by particular people or professionals.
It’s the reason why the software is divided in two parts: the first one is a simplified one, and the
second is an expert one.
The questions for the simplified part of the software have to be easy, and are about the building in general (age of the building, typology, number of occupants, etc.), the heating and domestic hot water systems, the ventilation, the orientation and building environment, the heated floor
area and the width of the building, etc. If the user stays in the simplified mode, the calculation
will take into account values by defaults for the other required ones.
The questionnaire also refers to interventions authorized by the user: one has to impose a few
constraints, such as the percentage of energy savings, material or installation not wanted or not
feasible (example: natural gas non available), the potential occupation of the building during
works, and the maximum available budget.
The user has to select materials and systems he doesn’t want to use for the renovation or
which are not fitted to the building, to limit the number of possible combinations. The data base
of renovation works is included in the software; it can however evolve or be changed. The same
principle was applied for the cost per unit data base.
The expert part of the software is more accurate, and cells are pre-filled in with defaults values which can be changed or accepted. The values by default had been determined on common
buildings.
In parallel with the description of building and systems, you can specify:
− habits of the owners and use of the building;
− usual temperature for days, nights and so on.
4.2 Solutions generation
The first step was to build flowcharts, comprising for each component, the interventions of restoration according to a logic of suitable questioning. These flowcharts were helpful to build input data questionnaires, in order to target required information to find valuable solutions and to
evaluate their performances.
Then, the attributes (an attribute is a characteristic of an intervention) for each intervention
(an intervention is a technical action on a component) were determined.
The main problem for the generation of solutions was to circumscribe the proliferation of the
number of possibilities. This is the reason why a few constraints were introduced. The first one
is the cost. It’s purely an economic filtration constraint, eliminating the combinations of solutions incompatible with the allowed budget. The second one is the percentage of energy savings.
The aim is to estimate the energy consumption in initial situation and in renovated one. The calculation takes into account the losses through the envelope, the losses through ventilation, the
efficiency of the heating system, and a simplified calculation of the domestic hot water needs.
Some interventions are automatically brought together, and rules were created to deal with
compatibilities/incompatibilities between some interventions and/or some materials.
All the data used in the module of generation of solutions are described in XML language. It’s
particularly adapted to describe and to control structured information.
The different intervention scenarios applied to the building are defined by the software and for
each one of them must be technically feasible, with an acceptable cost and respecting the energy
saving target.
All these interventions are listed, and the user can select those he doesn’t want, as for materials, to reduce the number of possible combinations. It’s also possible to know the number of solutions before beginning the calculation. It’s useful to adapt the choices to converge to a minimum of valuable combinations. Finally, the software tests all the possible combinations, while
integrating the constraints defined by the user. The time for the calculation is around one second
per solution. This includes a very detailed dynamic thermal simulation developed by EDFR&D.
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4.3 Valuation on performances
The concept of the valuation is to evaluate the global performance of a renovation operation,
depending on the building characteristics before and after renovation.
The indicators of performance include five main fields, which are called “criteria family”.
Each family comprises two or three criteria, i.e. financial, energy, environmental, comfort criteria or duration of works, hardiness of performances, etc.
The calculation is made in few steps, with a specific application which, turn by turn, calls for
the different procedures to evaluate the performances.
The different performances are the following ones:
− operation costs (€)
− financial gain for 10 years (€)
− energy consumption decrease (kWh)
− thermal comfort improvement in winter (note)
− thermal comfort improvement in summer (note)
− indoor air quality amelioration (note)
− improving life facilities (note)
− decrease of CO2 emissions (kg)
− environment quality improvement (note)
− work pollution (note).
As the software is designed to be used by particulars or by EDF, there are three other criteria for
EDF, i.e. increase in cumulated margin EDF (€); certificates of energy saving obtained by EDF
(kWh cumac); robustness of the performances (note).
4.4 Preselecting on performances
The software shows the different solutions (= combination of interventions) in a graphical way,
with two inputs, corresponding to the performances chosen by the user to select the most suitable solutions, while shrinking the field of possibilities. The solutions are also differentiated by
the object which is concerned: the built, the system or both of them. The colour of their representative point on the graphic is therefore different (Figure 16).

Figure 16. Preselection of the solutions

4.5 Multicriteria analysis
Later, the software proposes four multicriterial analyses, which can be distinguished from each
other by the importance given to each criterion. The multicriteria analyses suggested are:
Prométhée I ; Prométhée II ; Electre III ; distances method. The results are shown in a graphical
form, and sorted in decreasing order. The solutions are ranked differently according to the
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user’s point of view (private user or EDF), as the weighted factor and considered criteria (additional criteria for EDF) could be different in the two cases. The best solution is the one found in
rank 1. The user can increase or decrease the number of ranks shown in the picture (Figure 17).

Figure 17. Multicriteria analysis grid

The user can select the solutions relative to high temperature heating pump, external insulation,
condensing boiler and solar unit. As in the filter on performances, a colour legend can determine
if the solution concerns the systems, the built part, or both of them (Figure 17).
4.6 Results
The solutions can be selected and the module allows the user to inspect the performances of
each solution. These ones are shown in a comparative board (Figure 18).

Figure 18. All the solutions and their performances

The figured performances of the different solutions are displayed, to know more precisely which
interventions are suggested in the solutions (Figure 19). All the results can be exported in an
Excel file.
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Figure 19. Detailed works combined in a solution

5 CONCLUSION AND FURTHER ADVANCES OF THE SKETCH DESIGN TOOLS
With respect to usual architectural practice, our new methodology tracks provide the following
advantages:
− they alleviate the work load of the project author and increase energy and cost performances
of the project;
− they supply a multiple criteria decision aid for elaboration and negotiation of a preferred
compromise between the several actors;
− they give enhanced help to the client within an uneasy technical context, where his responsibility is increasing, especially regarding environmental regulations.
In conclusion, the final product will be used to interest more architects and help them in building energy performance, both a present and future ecological concern.
The easiness of use and the fact that the cost criteria is taken into account are two important assets of this software. The development of this help-decision tool is a first step to the energy efficiency renovation, compulsory stage of the struggle with climate warming and preservation of
energy resources.
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Optimizing structural grids of Multi-Functional buildings
R.Blok, H.G.E. Daamen, S. de Kok
TU/e University of Technology Eindhoven, The Netherlands

ABSTRACT: Combining different functions in so-called multi functional buildings poses the
problem on how to deal with the different modular dimensions of the spaces. How can these different functions with often different structural configurations be combined, without limiting the
functional use. When these different options and combinations of functions are possible within
the same structural grid, future changes in use are expected to be more likely. This study investigates possible solutions and attempts to optimize the structural grid for these multi functional
buildings.

1 SCOPE OF THE STUDY
1.1 Introduction
Buildings in which the functional use can be changed and/ or different functional uses are combined are called multifunctional buildings. Lack of available space or other urban considerations
may stimulate the design of buildings in which functions are combined. Multi functional buildings are also seen as an option when aiming for a longer functional working life. They can be a
good solution in case the functional use during the service life of the building might change.
Changes in functional use of the building during its service life may well increase the functional
life of the building and therefore result in a considerably lower environmental impact. For multi
functional buildings the layout and the dimensions of the structural grid in relation to the spatial
requirements are of extreme importance. Structural elements, in particular walls or columns may
obstruct changes in spatial use. To avoid this as much as possible optimization of the grids and
structural configuration is needed.
1.2 Combination of functions
In multifunctional buildings the floors with different functions are usually stacked on top of
each other. A common combination of functions is car parking, (usually on the lower floors or
basement), shops/ retail (on the lower floors) with on top of that apartment floors and / or office
floors. One of the problems is that each of these different functions usually is associated with a
different set of modular dimensions and a different structural lay-out. These structural layouts
each have their own, more or less, optimal modular dimensions and gridlines. This means that
by combining the different functions the combination of these grids may cause problems. The
optimizing of the dimensions of these grids is not always easy. This study investigates the structural lay-out and grids of a number of different functions: parking, housing and offices respectively, from a number of recently realized buildings, in order to see if an optimization of these
grid dimensions is possible and to see whether an optimum set of grid dimensions can be found.
The aim is to make combinations possible as shown in figure 1.
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Fig. 1 Principle of the stacking of functions in a multifunctional building

1.3 The studied projects
On the basis of different criteria four projects were selected and studied. The main criteria were:
• All buildings are realized within or near the city of Eindhoven, the Netherlands.
• All buildings should be of recent date (later than 2003)
• All buildings should be market conform buildings (ensured through third party advise).
• The apartment access is realized through a center corridor (as opposed to an outside
walkway).
1.3.1 Office buildings
The so-called WEN, WEO and WEP projects on the Philips High Tech Campus (completed
2007, together approx 24.000m2) were selected to represent up to date views on modern office
buildings, (see impression figure 2).

Fig. 2 Impression of Office buildings

The space plan of these flexible office buildings in which open spaces are combined with cellular offices were submitted to a further analysis from which the most important dimensions for
office spaces were taken. Table 1 gives the most important net dimensions of these rooms and
spaces . For the actual plans is referred to the Dutch background report.
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Table 1 Net dimensions of office spaces
WEN, WEO en WEP
Closed office space

Open
Office space

Acces

width
[mm]

Copying area
Pantry
Meeting Room
length
width
[mm]
[mm]

length
[mm]

width
[mm]

WEN

5350

3500

4450

3500

2600

1700

WEN

5350

3500

6250

3500

2600

1700

5350

3500

4450

3500

2600

1700

width
[mm]

WEP

4450

3500

-

3500

2600

2x 1250

WEP

5350/7150

3500/nvt

-

-

-

3500

1.3.2 Apartment buildings
Another project, called ‘The four seasons’, was selected to analyze and represent the dimensions
of apartments. The project has 127 apartments, divided over four building blocks. Three of the
building blocks have a parking basement with a capacity of 106 parking spaces. Figure 3 shows
a picture of the in 2005 completed project.

Fig. 3 Impression of apartment buildings “The four seasons”

Of Block A and B the apartments with access in the longitudinal direction of the building were
analyzed. Again the dimensions of the most important spaces were taken (See table 3 and 4)
Table 3 Net dimensions Block A
‘The four seasons’ – Block A
Livingroom

Type 02

Hall

Access

length
[mm]

width
[mm]

length
[mm]

Bedroom 1
width
[mm]

length
[mm]

Bathroom
width
[mm]

width
[mm]

width
[mm]

8575

4850

4690

3030

3030

1730

1400

2030
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Table 4 Net dimensions Block B
‘The four seasons’ – Blok B
Hall

Access

length
[mm]

Living room
width
[mm]

length
[mm]

Bedroom 1
width
[mm]

length
[mm]

Bathroom
width
[mm]

width
[mm]

width
[mm]

Type 06a

9625

5150

4700

3030

3005

1730

1400

2030

Type 06b

9625

4850

4700

3030

3005

1730

1400

2030

Type 08b (fig. 13)

9625

10850

5340

3005

3005

1730

nvt

2030

The dimensions and gridlines of the existing projects as well as possible options were studied in
two different directions: the transversal and a longitudinal direction of the building. From these
dimensions, building regulations and parking regulations the net dimensions were derived and
used as a basis for the study. The net dimensions were converted to gross dimensions in order to
be able to use center lines as gridlines. The net dimensions were converted to gross dimensions
by adding 2x 50 mm (internal wall) or 50 mm + 150 mm (apartment separating wall).

Fig. 4 Converting net dimensions to Gross dimensions (grid lines)

2 OPTIONS FOR TRANSVERSAL GRID DIMENSIONS
2.1 Combining rooms
For apartments in the transversal direction of the building the minimal combination of a bedroom (4,80 m) and a bathroom (2,10 m) resulted in a minimum dimension of 6,90 m. The
maximal dimension of 8,40 m was found as the result of the combination of bedroom (4,80 m),
hallway (1,50m) and bathroom (2,10 m). The maximum dimension (depth) of an office space
was taken as 7,50 m (distance to window because of natural light).
2.2 Alternatives in the transversal directions
Different alternatives were studied in which the apartment dimensions were taken as the leading
dimensions. From this the other combinations were evaluated. Three alternatives were considered as promising: B1, B2 and B3 (figure 5,6 and 7).
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Fig 5 and 6. Alternative B1 16,20 m (left) and alternative B2 19,20 m (right)

Fig. 7 Alternative B3 17.70 m
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2.2.1 Short description of the main dimensions of the alternatives in transversal direction
• Dimensions of alternative B1 (figure 5):
16,20 m width (2 apartments of 6,9m and access of 2,40 m) Because spanning 16,20 in one span
is not an economical solution spans of 6,90 and 3,90 m were adopted.
• Dimensions of alternative B2 (figure 6):
19,20 m width (2 apartments of 8,40 m with an access corridor of 2,40 m). Spanning this alternative is in spans of 8,40 and 10,80 m
• Dimensions of alternative B3 (figure 7):
17,70 m: (apartment 6,90 m + apartment 8,40 m corridor of 2,40 m),Structural span: 8,40 and
9,30 m.
For the offices, many different options of layouts were developed. Because of the amount of different configurations only the first three, a, b, and c respectively, are shown (figure 8). For the
other configurations is referred to the background report. B3 showed the highest number of possible configurations (seven).

Fig. 8 Three (a, b and c) out of seven different office configurations for alternative B3)

It can be concluded that within Alternative B3 the highest number of options for different space
plans are possible regarding the apartments and the offices. For option B3 there is an excess dimension of 0,90 m for the functional use as offices (5%) and 1,70 m (10%) for the functional
use parking. These over-dimensions are considered acceptable and perhaps even beneficially
with regard to future changes in use. The higher investment cost might well weigh up to the
possible elongation of the functional life. Because of the better prospects of B3, this structural
grid of 8,40 and 9,30 is again considered, but this time with the functional use of the car parking
as leading for the structural modular dimensions.
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Fig. 9. Impossible option: Structural grid interferes with access way of car parking

Fig. 10. Transition structure above car parking is needed

Figure 9 shows that the structural columns based on car parking dimensions will interfere with
the other functional uses. Therefore a transition structure (fig. 10) between car parking and the
other functions will be necessary in order to avoid any limitations in the space plans of the
apartments and/ or offices above due to the structural arrangement.
2.3 Alternatives in the longitudinal direction
In the longitudinal direction, for combining parking with apartments and or offices, the car
parking dimensions were taken as the leading dimensions. The gross parking dimensions (parking + construction) were taken as multitudes of 2,70 m. This has resulted in alternatives with
modular dimensions of 5,40 m (L1), 8,10 m ( L2) and 10,80 m (L3). The used conversion form
net to gross dimensions might cause small changes when finally the real construction dimensions will be used.
When evaluating these different options in the longitudinal direction, L1 to L3, different views
can be taken. On the one side, L1 (5,40 m)has a fairly limited span which make economical
structural dimensions and solutions likely. On the other hand the higher number of columns can
limit the use and possibilities for future changes. L3 on the other side (10,80 m) which limits the
number of columns drastically will result in high spans and less economical structural solutions.
The middle solution, L2 (8,10 m) might well be the good compromise between an economic
structural solution and fairly flexible structural lay-out.
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Fig. 11 Combination of possible functional spaces with structural grids in transversal direction B3: 8,40 /
9,30 (6,90-2,40) m, and longitudinal grid of 8,10 m (transition structure above car parking)

3 CONCLUSIONS
This study shows that by viewing space plans for different functions, and trying to combine
these modular solutions within a given structural grid, different options will give a different
number of space plan solutions if obstruction by columns is avoided. The evaluation shown
here, is based on a limited number of space plans, but (based on expert opinions) is regarded as
fairly representative of the market requirements in Eindhoven. The combination of a modular
grids in transversal direction based on a total width of approximately 17,70 m , structural grid
8,40 and 9,30 m, combined with a structural grid in longitudinal direction based an a dimension
of 8,10 m is considered to be a good solution with a multitude of possible space plan combinations of the different function. The combination of these functions with a car parking makes it
necessary to introduce a transition structure between the car parking and the functions above.
This could mean that also in longitudinal direction a greater freedom of griddimensions will
become possible. Further evaluation of the proposed grids and optimization of the necessary
transition structures is necessary and can be a subject for further studies.
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1 INTRODUCTION
The implementation of the principles and methods towards a Sustainable Construction varies
across the different countries in Europe. There are countries where the sustainability of the construction sector has been effectively taken into consideration over the last years, and countries
where its implementation is only at an initial stage. Many reasons may be pointed out for this
contradictory situation. Naturally, different countries have different understandings of what is
entailed in Sustainable Construction. Different cultural and educational backgrounds, along with
different priorities in each country, are also contributing for the lack of a common European approach.
General frameworks, aiming to cover every aspect of Sustainable Construction and to provide
a consistent and integrated approach, such as Agenda 21 for Sustainable Construction, gave a
major advance in the search for a common approach for the construction sector. However, general agreed methodologies and tools to make this common approach operational are still missing.
The European Commission has long committed itself to promote and implement actions towards the sustainable development of the construction industry. These actions have been focussing mainly on three main topics: (i) construction materials, (ii) energy efficiency in buildings,
and (iii) construction and demolition waste management. In this regard, numerous European Directives have been released over the last years, which lay down certain provisions to be
achieved in every Member State. Then, within a pre-defined period of time, National authorities
have to adapt their laws, or even create new laws, in order to achieve the goals in each Directive. However, each Member State is free to decide how to do so, taking into consideration national situations. Therefore, a long period of time is often needed before European Directives
are being effectively applied in each Member country. Also, the consideration of different national contexts may lead to different approaches and policies in each country.
The harmonization of different national approaches requires a strong endeavouring from international organizations for standardization. Within the International Organization for Standardization, the committee on Sustainability in Building Construction (ISO/TC59/SC17) has
been responsible for the development of a series of standards in the area of sustainable buildings
and construction assets. Hopefully, the publishing of these standards will contribute to a common understanding and effective implementation of sustainable construction objectives in European countries.
It is the purpose of this paper to present a current European perspective of the sustainability
of the Construction Sector. Therefore, a survey regarding the current situation in the sector of
construction of some COST C25 Member countries was performed, and the preliminary results
of the contributing countries, as of today, are presented in the following pages.
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Depending on the countries, several different aspects were covered in this survey, namely: (i)
legislation relative to the implementation of objective measures towards the sustainability of the
sector; (ii) sustainable methodologies and tools being used or under development; (iii) use of
eco-labels; and (iv) development of national case studies representing sustainable achievements.
The surveys presented in this paper so far were received from the following countries (in alphabetic order):
-

Greece
Netherlands
Poland
Portugal
Romania
Sweden
Turkey

The number of countries that contributed to this survey is not enough to make a proper statistic analysis of the results or to allow for the formulation of a conclusive global perspective.
Nevertheless, from the reports received, a distinction in the way different countries are dealing
with various aspects of sustainable construction is perceptible, and the asymmetry between
Northern and Southern countries is still very considerable. It seems that more harmonisation in
the approaches is still very necessary.
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1 NATIONAL PERSPECTIVE OVERVIEW
In Greece, from an academic point of view, sustainable construction is well-known as a valuable
and unique method in order to protect the environment and prevent the waste of energy resources. On the other hand, practitioners and industries have not until now well recognised the
necessity and the benefits of an adequate sustainable design. Then again, governments address
the issue mainly when the European Community appends targets that must be accomplished
(compulsory achievement); thus, Life Cycle Analysis (LCA) methodologies, do not concern or
interest the current country policy. As a result, only a few objective actions have been accomplished over the last years at a national level. Mainly, most of them concern research studies in
universities or research centres. In addition, during the last decade, some sustainable development issues have been adopted in Greece’s construction industry, changing the conventional and
well-established methods and technology (classified task actions, primarily by large companies).
As it is mentioned by Manoliadis et al. [1] the most important influences on sustainable construction in Greece are energy conservation measures, resource conservation strategies and
waste reduction.
However, due to the lately shown interest of the European Community on this theme it is expected that in the next years a lot of fields of the construction sector will be dominantly modified. The mandatory compliance of European Directives in member countries at the end will
force governments to follow and apply in an efficient way the recognized principles of sustainable construction. For example, the Directive 2002/91/EC on the energy performance of buildings shifts towards the way of recovering the buildings’ overall energy efficiency [2]. Moreover,
the continuing spreading of knowledge to the public (scientific and public debates), the competitiveness in several fields of construction have been forcing companies to fulfil special demands (product innovation and certifications, such as green eco-labels or energy-class performance of products) and demonstrate their responsibility in terms of social, economic and
environmental aspects. On this basis of potentials, all involved parts can gain a vital profit. It is
clear that the accomplishment of the fundamental principles of sustainable construction becomes
gradually more significant. LCA methods are expected to be employed in order to promote the
built environment.
In order to support sustainable development in Greece a small amount of national projects are
being developed and elaborated lately. In the next paragraphs, the parts involved in these actions are briefly mentioned (national sites, excluding universities):
 Ministry of Development (www.ypan.gr)
 Ministry for the Environment, Physical Planning and Public Works (www. minenv.gr)
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 General Secretariat of Research and Technology (www.qsrt.gr)
 Regulatory Authority for Energy (www.rae.gr)
 Public Power Corporation (PPC) (www.dei.gr)
 Hellenic Transmission System Operator (www.desmie.gr)
 3rd Community Support Framework Programme (www.3kps.gr)
 National Statistical Service of Greece (www.statistics.gr)
 Greek Solar Industry Association (www.ebhe.gr)
 Photovoltaic Market in Greece (www.helapco.gr)
 Greek Association of RES Electricity Producers (www.hellasres.gr)
 Association of Greek Industries
 Centre for Renewable Energy Sources (CRES) (www.cres.gr)
CRES was founded in 1987 and is a public entity, supervised by the Ministry of Development,
General Secretariat of Research and Technology, and has financial and administrative independence.
The CRES is the Greek national entity for the promotion of renewable energy sources, rational use of energy and energy conservation. In the modern demanding energy sector CRES is
dynamically active, in the frame of the national and community policy and legislation, for the
protection of the environment and sustainable development. Working in the state of the art of
technology development, CRES implements innovative projects and significant activities for the
promotion and market penetration of new energy technologies.
Its main goal is the research and promotion of Renewable Energy Sources (RES) / Rational
Use of Energy (RUE) / Energy Saving (ES) applications at a national and international level, as
well as the support of related activities taking into consideration the principles of sustainable
development.
CRES operates in two main fields of activity:
(I) as a Research and Technological Centre for RES/RUE/ES, by developing applied research
for the new energy technologies and by technically supporting the market for the penetration
and the implementation of these technologies;
(II) as a National Energy Centre, working on energy planning and policy for RES and ES and
developing the necessary infrastructure to support the implementation of RES & ES investment
projects.
In the framework of its mission, CRES:
(i) is the official consultant of the Greek government on matters of RES/RUE/ES in national
policy, strategy and planning;
(ii) carries out applied research and develops innovative technologies which are both technically/economically viable and environment-friendly;
(iii) organises, supervises and carries out demonstration and pilot projects, to promote the
above technologies;
(iv) implements commercial RES/RUE/ES applications in private sector energy projects, local
authorities, professional associations, etc.;
(v) provides technical services and advice, in the form of specialised know- how and information, to third parties;
(vi) disseminates technologies in its areas of expertise and provides reliable information and
support to interested organisations and investors;
(vii) organises and/or participates in technical and scientific seminars, educational programmes, specialised training courses, meetings, etc.
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2 METHODOLOGIES AND TOOLS
First of all, it is important to mention that the Life Cycle Analysis (LCA) of a building should
not start from the construction stage but from the initial design stage, in which the architect and
the consultant confirm a crucial role in adopting more environmentally friendly practices. However, although the design stage affects the whole of the project’s life cycle, it does not have any
direct environmental impact that can be analysed in a LCA context [3].
Unfortunately, LCA methodologies and tools in Greece are still at an initial point, although
the growing demand for building certifications is critical. Most engineers and architects pay no
attention or have no regard to those sustainable procedures. Nevertheless, there are a few individuals that are familiar with LCA. With the intention of carrying out their effort, most of them
assume international methodologies or tools; national methodologies or tools are not often developed or applied. When this happens, national foreseen demands are considered. As it is clear,
the benefits and importance of LCA are still known moderately (limited knowledge). On the
other hand, due to economic motives a number of practitioners are familiar with Life Cycle and
Cost Analysis (LCCA) methodologies and tools.
However, lately national organisations and universities associated to sustainable issues participate in international actions, such as iiSBE (International Initiative for a Sustainable Built
Environment), GBC (Green Building Chalenge) and ECTP (European Construction Technology
Platform). In order to provide a valuable assist to those actions, several methodologies and tools
are employed, such as GBTool, BEES, ATHENA and LEED. Those methodologies and tools aim
to assess the sustainable development and the environmental performance of the urban environment. More specifically, GBTool is the software implementation of Green Building Challenge (GBC) method. GBC method is the method for the assessment of buildings’ environmental performance and profile. GBTool can be thoroughly adjusted to the special conditions
deriving from any type of building and from the characteristics, needs and priorities of every region [4]. Moreover, BEES (Building for Environmental and Economic Sustainability) deals with
the environmental and economic profile of building materials. In this software a database with
information about the environmental and economic profile of the most commonly used building
materials is included [5]. Additionally, ATHENA has been developed and designed in order to
perform life cycle assessment of buildings (basically North American). Extracted results provide
valuable information about several environmental issues, such as energy, raw materials or water
consumption, emissions to the air, water or soil, etc. Finally, the method LEED (Leadership in
Energy and Environmental Design) is a rating system, which aims to estimate the environmental
performance of a building; hence, LEED is not a software tool). In order to take a credit, the
building must fulfill some special conditions, which in turn are achieved with committing the
appropriate actions, given by this rating system. Eventually, the building is characterized as certified, silver, gold or platinum, according to the total points it achieves [6].
At this present stage, in the Laboratory of Building Construction & Building Physics of the
Aristotle University of Thessaloniki, SimaPro 7.1 (LCA software) and Ecoinvent 2 (life cycle
inventory database), have been adopted. SimaPro is a vital tool in order to collect, analyze and
monitor the environmental performance of building components or entire building assemblies.
Therefore, it is possible to model and analyze complex life cycles in an easy, precise, systematic
and flexible way, following the ISO 14040 series recommendations. In the near future, it is intended to employ this program together with the previously mentioned database for the purpose
of assessing thoroughly the environmental impact of building components or under-construction
buildings. It is essential to point out that the database should be initially modified and adjusted,
due to several dissimilar industrial processes that are valid in Greece.
3 NATIONAL CODES AND LEGISLATION
The demand to improve the energy behaviour and dynamic thermal response of buildings is
primarily defined by the necessity to reduce the energy consumed by HVAC units. Therefore,
the energy requirements in the building sector represent a major fraction of the annual final energy use in Europe (approximately 40%). In Greece, the under development legislative frame-
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work concerning the thermal insulation regulations of buildings aims to improve and optimise
the environmental performance and sustainability of existing and under construction building
envelopes (quality of urban environment). Thus, these regulations that concern the rational use
and energy saving of buildings will take into account the fundamental principles of buildings’
bioclimatic design. In addition, these regulations will be in conformation with the European Union guides SAVE 93/76/EE (stabilisation and restriction of CO2 emissions due to the energy performance of buildings). Moreover, the compliance and adoption of an energy conscious design
of buildings can reduce the quantities of fossil fuels consumed and consequently condense the
amounts of emitted CO2 and SO2 into the atmosphere. These under development national regulations (national code) are assigned to CRES under the supervision of the Ministry for the Environment, Physical Planning and Public Works.
Furthermore, it is useful to mention that during the last few years several industries and producers of construction material or building products, such as ceramic bricks or concrete, have
begun to follow and fulfil the standardisation CEN/TC350. Thus, in Europe a series of standards
is being developed by CEN/TC350 to support the sustainability assessment of construction
products and the built environment. The aim of the effort of CEN/TC/350 is to provide a framework with principles, requirements and guidelines for the development of standards to support
the sustainability assessment of 'construction works'. As it is clear, this standard is related to
sustainability of construction works, while it enables the exchange of sustainability information
of products and services. The CEN/TC350 standard takes into account the associated ISO standards and CEN documents, as well as to EU policies and directives (mandate M/350). In order
to assess the environmental performance of complete buildings, based on aggregation of their
components, this standard is intended to be forced as a compulsory condition for all EC countries.
4 ECO-LABELS AND EPDS
Eco-labels signify green products and services. The most regular eco-label in Greece is the
European Eco-label (EU Eco-label, www. ec.europa.eu/environment/ecolabel), which is indicated by the flower. The EU Eco-label scheme (new Regulation {EC} No 1980/2000) is part of a
wider approach on Integrated Product Policy (IPP) within the current Action Programme (contribute to sustainable development). It is a voluntary scheme designed to encourage businesses
to market products and services that are kinder to the environment and for European consumers
- including public and private purchasers - to easily identify them (greener products). The European eco-label is part of a broader strategy aimed at promoting sustainable consumption and
production. In the main, in Greece eco-labels are not used for construction materials, buildings
or other constructions. Hence, eco-labels are broadly used mostly for indoor paints and varnishes.
The overall goal of an Environmental Product Declaration (EPD) is to provide relevant, verified and comparable information to meet various customer and market needs. The international
EPD system has the ambition to help and support organisations to communicate the environmental performance of their products (goods and services) in a credible and understandable way
(www.environdec.com). At this time EPDs for construction materials and products are not developed or used in Greece. However, it is expected that their consideration will turn out to be
existing in a little while.
5 CASE STUDIES
Several case studies on the construction sector are conducted in the Greek region. Some of them
are shortly described in the following paragraphs.
5.1 Buildings’ environmental performance assessment with the use of GBC method [7]
This study was conducted by C. Giarma, T. Koimtsidou and D.K. Bikas, in the Laboratory of
Building Construction & Building Physics, of the Department of Civil Engineering (Aristotle
University of Thessaloniki, Greece). In the context of this study the environmental performance
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of an office building in northern Greece was assessed. This building was chosen to be studied
on the basis that sustainability principles and environmentally friendly strategies and measures
were applied in the context of its design and construction. The aim of this study was to explore
the possibility of using a thorough and flexible tool such as GBTool for the environmental performance assessment of buildings in Greece, as well as to demonstrate the improvement of a
building’s environmental performance that results from the application of environmentally
friendly measures (passive solar systems etc.). The results and the conclusions of this study
were analytically presented.
5.2 Investigating the impact of urban context on the environmental performance of buildings
[8]
This analysis was conducted by K. Tsikaloudaki and C.Giarma, in the Laboratory of Building
Construction & Building Physics, of the Department of Civil Engineering (Aristotle University
of Thessaloniki, Greece). The study focused on the environmental performance assessment of
buildings in the urban context. Criteria for this assessment were not only conventional issues,
such as the energy profile of buildings, but also matters regarding resource consumption, environmental loadings, indoor air quality, etc. The evaluation was conducted by means of the
GBTool, developed by iiSBE. The parametric analysis concerned an office building, taken as the
reference case, while the variables were the density and the geometry of the urban context, expressed as a range of view angles of the surrounding buildings for different parts of the urban
nest. The results were diagrammatically displayed and lead to conclusions regarding the issues
and the categories of the environmental performance of buildings, which are mostly affected by
the urban context layout.
5.3 Towards the effective use of a modified version of GBTool for the environmental
performance assessment of buildings in Greece [9]
This analysis was conducted by C.Giarma and D.K. Bikas, in the Laboratory of Building Construction & Building Physics, of the Department of Civil Engineering (Aristotle University of
Thessaloniki, Greece). In this study, the experience derived from a few attempts to use GBTool,
a buildings’ environmental performance assessment tool developed by iiSBE, for the evaluation
of the environmental profile of a building in Greece is presented. After a short presentation of
the tool and the changes in its latest version, the interest was focused on the lack of databases,
regulations and other data in Greece, as it was revealed through the difficulties that came up
during the assessment procedure. Based on these observations, the authors suggested a series of
actions towards the creation of the appropriate conditions for the effective use of GBTool. Keeping in mind that the use of such tools by building designers in every day practice is of great importance, suggestions for the modification of GBTool aiming at the simplification of its use
were made.
5.4 Lifetime parameters in the assessment methodologies for the buildings’ environmental
performance [10]
This analysis was conducted by G. Safouri, C.Giarma and D.K. Bikas, in the Laboratory of
Building Construction & Building Physics, of the Department of Civil Engineering (Aristotle
University of Thessaloniki, Greece). The vast majority of the tools assessing buildings’ environmental performance ignore, more or less, the lifetime parameters. The assessments they perform are based on initial conditions and characteristics. The alterations of the building elements’
attributes are not taken into consideration. Consequently, the evaluations’ results are a “photograph” of the environmental profile of the building at time “0”. Most of the assessment tools result in a static profile of a building by the time it is built, while a realistic evaluation should take
into consideration the dynamic nature of the phenomena. Based on the previous observations,
the authors tried to make a more systematic approach to this subject. In the paper, some of the
most commonly used tools were examined under the prism of the integration of time into their
philosophy. The observations were commented. Issues and parameters that should be included
in the tools, so that time is in fact taken into consideration were noted, while various ways of integrating these parameters into the structure of the tools, without creating extra complexity for
the user, were suggested.

2.48

5.5 A study of the effect of the use of photovoltaic technology on the environmental
performance of a building in northern Greece [11]
This analysis was conducted by D.K. Bikas, C. Giarma and M. Papalexandrou, in the Laboratory of Building Construction & Building Physics, of the Department of Civil Engineering (Aristotle University of Thessaloniki, Greece). In this paper, a parametric study was presented, concerning the effect of application of photovoltaic elements onto a building in Northern Greece,
on its environmental profile. The integration of photovoltaic elements into every surface of the
building (facades, roof), successively, were considered. Using a simplified tool, the photovoltaic
elements’ annual energy output was calculated, depending, among others, on the surface area of
the elements, the orientation of the façade, the solar radiation data of the region and the type of
photovoltaic element. The results were used as input data for GBTool. The building’s environmental performance was evaluated for each case considered and the results are compared. The
initial evaluation of the building (real building / no photovoltaic elements integrated) was used
as an additional case, so that the contribution of photovoltaic technology’s application to the
improvement of the building’s environmental performance was enlightened. The results and the
differences among them for the cases considered appearing during the comparisons were discussed and several conclusions were extracted.
5.6 Environmental performance evaluation of thermal insulation materials and its impact on
the building [2]
This study was performed by A.M. Papadopoulos and E. Giama, in the Laboratory of Heat
Transfer & Environmental Engineering, of the Department of Mechanical Engineering (Aristotle University of Thessaloniki, Greece). The objective of this work was to investigate the environmental performance of buildings on the basis of the selected insulation materials. Inorganic
fibrous materials and organic foamy ones was the subject of this study. The two materials’ production process was registered and evaluated based on environmental criteria with LCA’s implementation which was supported by the model GEMIS model. The results obtained were used
to set operating performance indicators and environmental condition indicators based on the ISO
14031 standard guidelines and carry out the environmental performance evaluation (EPE) for
both assumed materials. In addition, the life cycle of materials against the life cycle of a building was investigated and expressed on the basis of energy consumption indicators. Hence, the
extracted results for both assumed insulation material types show an immense interest from an
environmental point of view.
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Survey of sustainable approaches in the Netherlands,
Government policies
R. Blok
TU/e University of Technology Eindhoven, The Netherlands

1 INTRODUCTION
To give a complete overview of the sustainability approaches towards Dutch construction and
building is an almost impossible task. A simple search in Google on sustainable building, counting only the pages in the Dutch language on this item: “Duurzaam bouwen” returns more than
390,000 pages. Much research is going on, either in universities or in governmental backed institutes. Many case studies are being performed and much is developed by the industry.
The focus with regard to sustainability in building and construction has now gradually shifted
from very early idealistic approaches of a few people towards a very broad recognition for the
need to act and also much eye for economic benefits of sustainable solutions. Because of the
broad scope of all the initiatives and approaches, this first over-view focuses on the governmental policies with regard to sustainable building in the Netherlands.

2 NATIONAL PERSPECTIVE

2.1 History
In 1990, in the National Environmental Policy Plan the building sector was for the first described as an “environmental” sector. Energy issues however date back from the first energycrises” in 1973. Because the Netherlands are a very densely populated country with a high percentage of the population living in urban area’s many issues, such as land, water and air pollution have been a big concern to a large part of the population and have appeared in many different legislation. Figure 1 gives an impression of the air pollution. Since these early days the
number of initiatives has grown dramatically. An Inconvenient Truth, the documentary from
Ale Gore, gave another big push to the public’s general awareness of these environmental and
sustainable issues, now almost to the point where one could argue that it turned into a hype.
With regard to the current policy there are many critics. The focus is now more where sustainable measures also can create an economical benefit (renewable) Energy (EU driven)or where
smart / flexible building and production can create better market value. Also the indoor health

2.51

and climate has become more important due to higher insulation causing forced ventilation
problems. Spatial and Urban planning has been given more attention because of expected sea
level rising due to climate change in relation to the Dutch geographical position. Plans on how
to deal with the excess of water, giving more space to water are under development, but are
likely to have great impact.

Figure 1 Air pollution in the Netherlands. Fine dust also is due to traffic congestion a big problem.
Source KNMI/BIRA-IASB/ESA

The different actors in the building sector have all taken initiatives and new initiatives are
started almost every day. Progress is made were initiatives are supported by legislation and or
initiatives of the government or where economic benefits can be achieved.

2.2 Public sector
The developed initiatives can be approached from the different points of view, depending on the
actors in the building and construction market. Here the main focus will be on the public sector.
In the public sector the ministries, in particular the one responsible for building and environment, the ministry of Housing, Spatial Planning and the Environment: VROM, is setting the targets. The current building legislation, “Bouwbesluit” in Dutch, is based on 4 main issues: Safety
(structural safety and fire), Health, Usability, and Energy efficiency. Some of the environmental
issues are dealt with in “Health”, but in particular through this last issue, Energy efficiency, the
building sector has experienced ever in-creasing requirements and higher demands, especially
for new buildings, but now also on existing buildings. The government has also encouraged
greatly many different measures to improve the energy efficiency of existing buildings through
subsidizing schemes. Through these schemes many existing buildings have been insulated and
many more efficient heating installations have been installed.
A fifth issue in the building legislation: Environment, is still under research and not yet part of
the legislation. Performance targets on material use will be set. A test on environmental performance of buildings is now being performed in cooperation with the building market. It is
considered a big step forward in achieving sustainable building and a start to asses the whole
lifecycle of the building and the building materials. If the test proofs to be successful this could
result in further legislation where LCA calculations will be mandatory for new buildings.
Because an LCA calculation of a complete building is a complex and time consuming task the
development of the program Eco-Quantum was stimulated and co- financed by the government.
At this point no definite choice or assessment method has been made on which LCA method to
use or implement in the legislation.
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2.3 Social issues
An example showing that the government recognizes that sustainability is much more than just
environment is worth mentioning: The current secretary of VROM has indicated plans to improve the living quality of 40 urban area’s or neighborhoods with the help and financing of
building cooperations. Improvement of the social coherency through a combination of measures
on health care, public safety, urban planning, poverty reduction and youth and family guidance
are planned over the next years. To achieve this agreements with other ministries and local authorities have been made.

2.4 National policies
The first national environmental policy plan dates back form 1989 (NMP1). The fourth plan,
NMP4 is from 2001. This memorandum describes the targets up to the year 2030: -“healthy and
save living in a attractive environment with vital nature, without damaging biodiversity or depletion of natural resources” – and it describes the measures necessary to achieve these targets.
Solving seven persistent environmental problems forms the basis of this plan. In 2006 the secretary has presented the Future Environment Agenda on environmental policies 2006, where a
perhaps more cautious approach is taken. The ambition of the National Environmental plan
NMP4 still stands, but the is-sues on how to achieve this, how to implement measures and the
balancing of cost and gains, have become more important. Scope and objectives on climate,
acidification, water quality, soil decontamination, air quality, noise, waste and external safety
are discussed in this Future Environment Agenda (VROM 2006).

2.5 Encouraging market parties
So far these issues of sustainability in particular materials, are left to market. Developers, building cooperations, designers, contractors and supplying industry can decide together what level
they aim for and how they want to reach this. The Dutch ministry of VROM stimulates initiatives in this field however. Many brochures in this field are published and research is stimulated.
2.6 SenterNovem
Another important agency which should be mentioned is SenterNovem. SenterNovem is an
agency of the ministry of economic affairs. It carries out different information and stimulation
projects with regard to sustainable building and aims to provide information to all the main
market parties in building construction: The municipalities, project developers, building cooperations and the education field in general. It advises cities for example on how to develop and
define their policies and how to implement these policies. SenterNovem provides information
on so-called National Sustainable Building Packages. There are five different packages that give
examples of measures which can be taken by the involved parties to improve the building sustainability on different levels of the construction industry.
•
•
•
•
•

National Package Housing construction, new building
National Package Housing, management and operation
National Package Commercial and industrial building, new building
National Package Commercial and industrial building, management and operation
National Package Civil constructions: roads, bridges etc.

The proposed measures range from simple to complex. Some examples on new housing are:
are: Make use of passive solar energy for heating; Increase energy efficiency above the required
level; Use only PVC products with a closed-loop product-cycle, etc.
For higher ambition levels it is recommended to use performance (LCA) tools such as Green-
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calc+ , Ecoquantum or Dubocalc.
2.7 Examples of some studies and projects supported by government
In 2006 the demonstration project Industrial, Flexible and Demountable building, IFD building,
ended. In this program a total of 92 projects where given the status of demon-stration project.
This has resulted in a number of different innovative solutions, with the aim of improving the
quality and flexibility of building in the Netherlands. The SEV has published different brochures and reports on these projects (…)
Another example of a study, stimulated by VROM, was from IVAM. The study fo-cused on the
scope of the environmental effects of materials used in construction from 1990 to 2000 and on
the expected effects of different measures from 2010 to 2030. Are the expected effects of measures going to be in line with the targets, and what are the necessary conditions to achieve the
goals? With the help of the LCA tool Eco-quantum a number of different scenarios have been
calculated. The results were recommendations on policy changes (IVAM 2004). In short:
• Look at LCA environmental effects separately and regard them as equally im-portant.
• Concentrate on relevant and achievable sectors.
• Try to integrate and aggregate all effects into one score or weighted indicator.

2.8 City policies
On municipality level there are also many initiatives in the field of sustainable building. Urban
plans for new areas of new building and housing often prescribe the implementa-tion of sustainability measures. These measures are often base on the National Pack-ages, as mentioned before. The effects and quality of these measures are very diverse however. They can range from
prescribing materials, energy saving methods, water sav-ing measures, up to fully self sufficient
or zero impact developments. A number of cit-ies, Amsterdam, Almere, Venlo, have declared
that they will become, totally or at least in new urban developments, so-called cradle to cradle
(C2C) cities. The c2c approach comes from the concept of William Mc Donough an Michael
Baumgart, stating that every product should be 100% high grade recyclable, meaning there will
be no waste (waste = food). An example is the Dutch city of Venlo which will use the exhibition
of Floriade (world exhibition on horticulture) in 2012 as a demonstration project. The high ambition aiming to reduce the environmental impact to zero shows the theme of sus-tainability is
given a high priority.

2.9 Building industry, EPD
The Dutch Industry on building materials have reached agreement with the ministry of VROM
and have organized the development of the MRPI from 1997 onwards. The MRPI translates as
Environmental Relevant Product Information. The information is generated through LCA and
can serve as input information on materials on building level for the LCA tool Eco quantum.
Dutch representatives of MRPI were involved in the development of the EPD, Environmental
Product Delarations EPD on EU level. This means that a smooth transition to the use of EPD is
foreseen. Most of the building in-dustry branches were represented and took part in the development of the MRPI, this means that many products have now implemented MRPI or EPD’s .
However on the methods on how to determine the environmental effects of materials there is
still discus-sion. The CEN (European Normalization) has been given the task to harmonize and
unify the technical specifications and methods in this field.
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3 DISCUSSION
With regard to Dutch governmental policies, fairly high goals are set. These goals were high,
also due international influence, decisions and targets, such as Kyoto. Many initia-tives are supported by the Dutch government, but much is also left to all market parties involved. Still no
mandatory LCA calculations for new buildings have been imple-mented in the legislation. Reports so far indicate however that it will be difficult to reach the goals and targets in the National plans without further actions and legislation. Economic considerations however have become more important and the government is less likely to implement national measures separate
from EU policy.
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Survey of sustainable approaches in Poland
M. Broniewicz
Technical University of Bialystok, Poland

1 NATIONAL PERSPECTIVE OVERVIEW
The strategy of promoting sustainable development is realized in many developed countries. Poland, as the member of the European Union is obliged to fulfil these requirements. One of the
basic goals of Polish government, in respect of housing policy, is a thorough reform of the legislative system. The most important legal acts presenting the need of implementing the principles
of "sustainable development" are:
¾ Constitution of the Republic of Poland, Art. 5 and 74
www.sejm.gov.pl/prawo/konst/polski/kon1.htm,
¾ Environmental Law and related laws, which introduce the principles of sustainable development at different stages of operations: planning, implementation and management
isip.sejm.gov.pl/servlet/Search?todo=open&id=WDU20010620627.
Long-term objectives were formulated in the following government documents:
¾ Second Ecological Policy of State (June 2000)
www.zgwrp.org.pl/access/materialy/dokumenty/2PolitykaEkologicznaPanstwa/index.ht
ml,
¾ Poland 2025 - The long-term strategy and Sustainable Development (June 2000)
www.kprm.gov.pl/archiwum/_i/dokumenty/Zawartosc2000.pdf,
¾ Ecological State Policy for the period 2003 - 2006 with a perspective for the period
2007 - 2010 (December 2002)
www.mos.gov.pl/2materialy_informacyjne/raporty_opracowania/pep.pdf.
In connection with expansion of European Union and in the context of an EU territorial cohesion policy the government is also working on a strategy for housing policy for the years 20142020. This strategy is a priority over other national strategies and issues relating with sustainable and balanced development are of the most importance. During last years many national initiatives aimed at the promotion of sustainable construction were carried out in Poland. Among
them the most important are:
¾ Building Research Institute (www.itb.pl)
Since the 1st May 2004, Building Research Institute is the Notified Body to the European
Commission and to the other Member States of European Union under the number 1488, designated for the tasks concerning with the assessment of building products conformity, according
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to the requirements of Directive 89/106/EEC. Building Research Institute is authorized to issue
the certificates:
• certificate of building products and services,
• certificate of factory production control,
• certificate of quality systems management,
• certificate of personnel competence,
• certificate of existing buildings in terms of LCA.
Certification of products is conducted in the range:
• obligatory certification of products for safety mark,
• obligatory and voluntary certification of conformity with the requirements of standards
and technical approvals,
• voluntary products certification including:
- certification for the safety mark "B",
- certification for the quality mark "Q-ITB",
- certification for the ecological mark "EKO-ITB".
¾

Polish Construction Technology Platform (www.pptb.pl).

It is an organization created in April 2004 which goal is integration of scientific and industrial circles in the field of sustainable construction. Polish Construction Technology Platform
deals with:
• utilization of renewable energy and developing a methodology for assessing impacts of
building on the environment in terms of LCA,
• developing the technology of limitation of carbon dioxide emitted into the atmosphere,
protecting the environment against the greenhouse effect,
• modernization of existing buildings in terms of LCA.
2 METHODOLOGIES AND TOOLS
Life Cycle Assessment is still relatively new, especially in Poland, the technique of environmental management. There are many difficulties in applying LCA methods in Poland. The most
important are:
• LCA are neither simple nor cheap to carry out,
• no standard data and indicators,
• no easy access to LC information,
• no benchmarks for comparing the sustainability of products and services.
Current works on the introduction of LCA method in construction sector focus on:
• innovative architecture aiming at low-energy demand buildings, which is based on bioclimatic/ passive solar design combined with innovative building components;
• integration of renewable energy technologies and efficient technological solutions taking into account the total energy demand during the full life-cycle of the building and
new energy management practices;
• low energy construction and/or retrofitting materials, innovative components and technologies;
• innovative building management systems (BMS) and monitoring performance criteria
aiming at least-cost economic solutions based on a Life Cycle Analysis.
3 NATIONAL CODES AND LEGISLATION
Due to a significant degree of potential threat that buildings cause for the environment, construction is a sector of the economy which is subjected to several legal and administrative regulations. Although Polish environmental law is in the beginning of the process of approximation
with that of the European Union, it may be said that there are some positive signs. The main na-
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tional codes concerning sustainable constructions are the Building Law [1], Fire Protection Law
[2], Environmental Law [3], Planning and Spatial Development Law [4]. These regulations are
the basis for a large number of standards as well as executive decrees about technical requirements which sustainable construction should have fulfilled. These are the standards for:
• interior lighting,
• the impact of vibrations,
• protection against noise in buildings,
• waste management,
• water quality,
• ventilation and air-conditioning,
• thermal insulation.
Provisions of a number of laws related to issues of sustainable construction are the basis for
issuing the regulations in various fields, defining the specific requirements and criteria for meeting them. These are the regulations specifying:
•

permissible noise levels in the environment, (ippc.mos.gov.pl/ippc/custom/halas(2).doc)

•

requirements which should correspond to the protection against noise,
(www.mos.gov.pl/bip/pliki_do_pobrania/070413_1503521593projekt_13.04.2007.pdf)

•

permissible concentration and intensity of factors harmful to health, emitted by the construction materials used in the premises of residence of people,
(www.gunb.gov.pl/akty/obowiaz/pliki/231.doc)

•

permissible concentration and intensity of factors harmful to the working environment,
(www.mps.gov.pl/index.php?gid=592)

•

the upper level of electromagnetic fields,
(www.mos.gov.pl/bip/pliki_do_pobrania/070110_1127341593projekt_rozp.pdf)

•

ways and conditions for safe use and disposal of products containing asbestos,
(isip.sejm.gov.pl/servlet/Search?todo=file&id=WDU20041021073&type=1&name=D2
0041073.pdf)

•

requirements for landfills,
(isip.sejm.gov.pl/servlet/Search?todo=related&id=WDU20010620628&type=9&status=
2)

•

requirements for energy efficiency. (www.ciop.pl/2395.html)

Basic implementing rule specifying the requirements for buildings, associated equipment and
their location is a regulation of the Minister of Infrastructure on the technical conditions to be
met by the buildings and their location [5]. Ten chapters of the regulation describe requirements
for buildings and their technical equipment.
4 ECO-LABELS AND EPDS
Eco-labels gives credibility to your claim that the product is better for the environment, cheaper
to maintain, and better than other to recycle. Customer deliberately choosing ecolabeled products, shapes the demand and begins to have an impact on improving the environment. Polish national ecological certification system appeared relatively recently, in 1998, when works on the
Principles of the Eco-Certification were completed. Polish criteria for granting an eco-label set
the Polish Centre for Research and Certification in Warsaw. Up to now there are some Polish
eco-marks, among which the most important are:
¾ Ecological ECO-mark. The Polish Centre for Testing and Certification introduced Polish ecological ECO-mark [6]. Services and products, which do not cause negative effects on the environment and meet the established criteria for the protection of health,
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environment and economic use of natural resources during the entire life cycle of the
product.may receive ECO-mark by way of voluntary certification.
¾ The Green Lungs of Poland mark. This eco-label established in 1996 and awarded
since 1997 shows, that the product was originated from an area of Green Lungs of Poland. A condition for receiving this mark is a manufacture of goods and services in the
area of the Greens Lungs of Poland and demonstrate, that they are environmentally
friendly and meet the principles of environmental protection.
Among other ecolabels German "blue angel"- so named because of the graphic symbol representing a blue form, and the Nordic eco-label - the Swan has been also visible in the Polish
market place for several years.
Environmental certification system in enterprises have become very popular in the countries
of the European Union. In Poland, interest in these systems is yet still low. To meet the requirements of EMAS Polish organizations should implement an environmental management
system, publish EPDs and obtain a statement of verification by an accredited verifier. A prerequisite is compliance with the legal requirements in terms of environmental protection. EPD must
be published at least every 3 years. It should contain information on environmental impacts of
product, the objectives and the results of improvements made in order to protect the environment to enable comparison with previous periods.
According to act of Polish Parliament of 12 March 2004 on eco-management audit scheme
(EMAS) Minister of Environment is obligated to manage both national EMAS organization registry and EMAS accredited environmental verifiers. National EMAS registry contains data concerning organizations which successfully completed the registration process and also verifiers
accredited by Ministry of Environment. Data in national registry are constantly updated. At present time there are 10 organizations registered in Polish EMAS system
Environmental certificates for construction materials and products are granted by the Polish
Institute of Building Technology. The basis for granting are an accurate, systematic studies that
show what is the impact of products on the environment.
5 CASE STUDIES
5.1 R&D Case studies
5.1.1 Single-family building [7]
Research concerned various options of typical single-family buildings having the same construction and material properties but different thermal systems of external walls. One of the
buildings was also equipped with a mechanical ventilation system with heat recovery and solar
panels. Analysis included thirteen categories of environment loadings caused by the building
and its energy-consuming characteristics. Calculations included the whole life cycle of building
and its elements, including:
1) manufacturing phase, consisting of the stages from acquisition of raw materials, production elements, transport to the building site and construction,
2) phase of the use including repairs, energy consumption for heating and preparation of hot
water, electricity consumption,
3) demolition phase - the transport of waste to landfills.
Calculations were carried out on the basis of data on emissions and other information obtained from the Institute of Building Technology in Warsaw, from the producers of construction
materials, installations and equipment and from literature.
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Figure 1. Family building (www.danwood.pl)
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Survey of sustainable approaches in Portugal
H. Gervasio, L. Simões da Silva
Dept. of Civil Engineering, University of Coimbra, Portugal

R. Mateus, L. Bragança
Dept. of Civil Engineering, University of Minho, Portugal

1 NATIONAL PERSPECTIVE OVERVIEW
In Portugal Sustainable Construction has long being recognized as an important goal, although
only few objective actions have been implemented over the last years. However, given the emphasis of the European Community on the issue and the mandatory adoption of European Directives in Member countries, in the next years, it is expected that initiatives towards the effective
application of the principles of Sustainable Construction will gain a major importance in the
construction sector.
Nevertheless, the competitiveness in the construction sector has been forcing stakeholders to
take actions in order to prove their awareness of the problem and to show their responsibility in
terms of social, economic and environmental aspects. This can be seen by the increasing demand for certifications by the construction and real estate sectors. Also, construction materials
manufacturers are aware of the importance of promoting the green credits of their products, and
the use of green labels and EDPs is becoming more and more popular.
A few national initiatives are being developed in the country in order to promote the principles of sustainable construction. Some of these actions are described in the next paragraphs:
¾ Centro
HABITAT
–
Plataforma
para
(http://www.centrohabitat.net/apresentacao.htm)

a

construção

sustentável

Centro Habitat is an innovation platform for sustainable construction, created in 2007. This
platform is based on a network of R&D centres, local authorities and companies related with the
Habitat cluster, with the main goal being the concentration of resources in order to socially and
economically value the knowledge, seeking to state an expertise on sustainable construction.
Among other aims are:
• Production of know-how associated to the sustainability of the built environment
• Dissemination of knowledge through specialized formation actions
• Maintenance of a information system oriented towards sustainable construction
• Detection and management of innovation opportunities for the members
• Promotion of innovation projects and integration in the Habitat cluster
• Promotion of a set of recommendations related to construction sustainability in the habitat cluster
¾ iiSBE Portugal – Iniciativa Internacional para a Sustentabilidade do Ambiente
Construído (http://www.iisbeportugal.org)
iiSBE Portugal is a non profit organization, created in 2007, that represents at national level
the mission of the International Initiative for a Sustainable a Built Environment (iiSBE). In or-
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der to promote and disseminate the aims of Sustainable Construction, the following actions are
foreseen:
• To teach qualified experts in Sustainable Construction Assessment (SCA)
• To adapt SBTool to Portuguese background;
• To certify buildings in terms of sustainability;
• To be a national Forum regarding sustainable construction initiatives that are being developed in several regional and local entities involved in the sustainable construction;
• To promote and be represented in normative and legislative initiatives
2 METHODOLOGIES AND TOOLS
Life Cycle Analysis (LCA) is not part of current practice for most architects and engineers.
The advantages and importance of LCA are being recognized but yet its use is still very limited.
Life cycle cost analysis are however more common, particularly by agencies that are responsible
for the operation and maintenance of facilities for long periods of time (e.g. road authorities).
To give answer to the increasing demand for building certifications, tools for the sustainable
assessment of the built environment are being developed. One of these tools is the SBTool Portugal – Building Sustainability Assessment Tool (SBtoolPT) (http://www.iisbeportugal.org).
The “SBtoolPT” building sustainability assessment methodology is a result of a research work
from the University of Minho (DEC), with the main purpose to develop and propose a generic
methodology to assess the sustainability of existing, new and refurbished buildings in urban areas, taking into account the Portuguese context.
As a first step, a methodology to assess the sustainability of residential buildings has been
developed (SBToolPT-H). The reason for this priority is the fact that most of the impacts related
to the construction sector are related to the housing sector.
The following requirements were taken into account in the development of the SBToolPT-H:
• A set of parameters wide enough to be meaningful and to comprise the most relevant
building impacts, but at the same time limited enough to be feasible (fifty parameters at
maximum);
• Whole building assessment, based upon the state-of-art methodologies, and considering
ongoing standardization;
• Balancing between all different dimensions of sustainable development (environment,
societal and economics);
• Limitation or exclusion of subjective and/or qualitative criteria that are hard to validate
(e.g. aesthetics and technical innovation);
• Improved reliability through the use of accepted LCA methods for environmental performance;
• Assessment output and certification label that is easy for building users to interpret and
understand, and enabling clients and designers to work with.
• Validation of the work by the development of a prototype tool and application on case
study buildings.
The SBToolPT-H is based in the international approach SBTool (http://www.iisbe.org), and in
harmonization with CEN/TC350 draft standards “Sustainability of Construction Works – Assessment of Environmental Performance of Buildings”. This methodology allows future rating
and labeling of buildings, in analogy with the Energy Performance of Buildings Directive
(EPBD).
In terms of outputs, the methodology adopted a similar approach to the one used in existing
labeling schemes such as the EU energy labeling scheme for white goods and the European
DisplayTM Campaign posters. The performance of a building is measured against each category, sustainable dimension and global score (sustainable score), and will be ranked on a scale
from A to G. Where, A is the best score, G the worst score, and F the score of the conventional
solution. Figure 1 represents the certificate of the SBToolPT-H methodology for a hypothetical
case study.
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Figure 1. SBToolPT-H building sustainability certificate

For SBToolPT-H to be used as a rating system, validation by an independent third party is
mandatory. When a formal certification is intended, the design team, or the project owner, has
to submit to iiSBE Portugal the preliminary self-assessment results and design documentation.
Then the project will be assessed and certified by an independent qualified expert in Building
Sustainability Assessment (BSA). The building sustainability certificate is, at the end, issued
both by iiSBE Portugal and iiSBE International. The certification process of a building is represented in Figure 2.

N

Designer/
owne

SBToolPT-H
MARS-H
methodology
+ y+
methodolog
design
design
documentation
documentation

iiSBE Portuga

Complete

Yes

Qualified
Qualified
in BSA
in BSA
Sustainability
certificat

iiSBE Portuga

iiSBE
Internationa

Assessment and
certification

Figure 2. Certification process of a building according to SBToolPT-H

This methodology is, currently, at the final stage of development and, until now, it has not
being applied to a real case study. Therefore the consequences of its application in the Portuguese construction market are still unknown. Nevertheless the methodology is intended to foster
the awareness of Portuguese stakeholders in the construction sector. Simultaneously, it will allow adequate policy implementation on sustainable construction, since it supports measures to-
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wards the sustainable design and construction, through the definition of a list of objectives that
are easily understandable by all intervenient in the construction sector and that are compatible
with the Portuguese construction technology background.
Other examples of tools developed in Portugal are given below:
¾ LiderA Approach - Leadership by Environment (www.lidera.info), which is a voluntary
rating system, based on LEEDs, but adapted according to national demands.
¾ EcoBlock (http://gasa.dcea.fct.unl.pt/ecoblock), which is a voluntary eco-label system
for products or companies, based on a simplified life cycle analysis.
3 NATIONAL CODES AND LEGISLATION
Portugal has been adopting a series of measures to implement European directives related to
Sustainable Construction into the national law. Most national codes and legislation, relevant to
the sustainability of the construction sector, are derived from this process.
i) Energy regulation
In 2006, the Portuguese Government has adopted three Decrees that, together, constitute the
transposition of the EPBD [1] into national law:
¾ Decree 78/2006 – It creates and defines the operational rules for the System for Energy
and Indoor Air Quality Certification of Buildings (SCE);
¾ Decree 79/2006 – RSECE [2] – It establishes the new revision of the Regulations for
HVAC systems, including requirements for regular inspection of boilers and airconditioners;
¾ Decree 80/2006 – RCCTE [3] - It establishes the new revision of the Thermal Regulations for Buildings.
These new/reformulated regulations specify requirements for new buildings and major renovations, which became mandatory since 3 July 2006.
The main objectives of the SCE are:
¾ To assure that the buildings fulfil the requirements included in RCCTE and RSECE, related to energy efficiency, use of renewable energy systems, and the indoor environment conditions;
¾ To certify the energy performance and the indoor air quality in buildings;
¾ To identify the appropriate measures or necessary improvements to archive higher energy performance.
The RSECE defines hygienic and thermal comfort conditions. It enforces rules for the efficiency of HVAC systems, for its maintenance, and for the indoor air quality. The main objectives of RSECE are:
¾ To assure the thermal comfort and indoor air quality conditions in buildings;
¾ To limit the energy consumption in buildings (by determining the maximum limits);
¾ To assure the quality of HVAC equipment in buildings (design, installation and maintenance);
¾ To ensure the renovation of the energy certificate (the certificate has a validity of 10
years or 6 years in case of services buildings with a total net floor area over 1000 m2).
The RSECE is applied in two different phases of the building life-cycle: design and operation. During the design phase, this law is used for the appropriate sizing of the HVAC equipment and to estimate the energy consumption. In the operation phase it is used to verify the estimated energy consumption. This regulation mainly concerns large buildings (net floor over
1000m2) or buildings with centralized HVAC systems, with an installed power over 25kW.
Residential and service buildings with a net floor area lower than 1000m2 and/or with a centralized air-conditioned system, with an installed power bellow 25kW, are covered by RCCTE.
RCCTE is applied both to new buildings and large refurbishing works (cost of the works 25%
higher than a new building with the same characteristics). Compared to the former one, this new
regulation of the thermal behaviour of buildings, almost duplicated the thermal performance re-
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quirements in both new and renovated buildings and imposed the use of solar collectors for hot
water heating, whenever it is suitable their application.
The main objectives of the RCCTE are:
¾ To set the limits in the primary energy consumption per net square area of the buildings;
¾ To set the requirements for thermal comfort, during the heating and the cooling seasons
as well as the minimum ventilation requirements in order to assure acceptable indoor air
quality levels;
¾ To set the maximum U-value for all construction elements of the envelope;
¾ To impose the use of minimum shadow devices in all windows;
¾ To set the maximum energy consumption for sanitary hot water production, including
the mandatory use of solar collectors for all buildings;
¾ To set the minimum quality and efficiency requirements to all cooling and heating systems (for non residential uses).
The energy certificate is aimed to inform the building’s users, owners or potential buyers
about the energy performance of the whole building or part of it (figure 3). Energy certification
is compulsory to obtain the operation permit of new buildings, in case of major refurbishing operations, when a residential or service building is sold or rented (the maximum validity of the
certificate is 10 years) and it should be renewed each 6 years in case of service buildings with a
net floor are over 1000m2.
The main content of the energy certificate (CE) is the Energy Performance Label. This label
is divided in 9 energy classes. The energy class results from the ratio between the global annual
calculated demand and the maximum allowed global annual primary energy demand for heating,
cooling and hot water heating.
A+ is the best performance class and is followed by the A, B, B-, C, D, E, F and G (worst)
classes. Besides that the energy certificate gathers other information such as: description of the
building; energy improvement measures and new energy class if they are considered; and description of the characteristics of the building’s envelopes and acclimatization systems.
Energy certification and
emission of the certificate

RSECE
DL 79/2006
Services

RCCTE
DL 80/2006
Residential

Energy assessment

Figure 3. Energy certification system in Portugal (Decree-Law 78/2006)

Certification is mandatory for all new buildings requesting a use permit after mid 2007. For
public buildings, a certification is needed from 1 January 2008 or 2009, depending on size.
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Other buildings when rent or sold must have an energy performance certificate from 1 January
2009.
Inspections of boilers and air-conditioners are covered by RSECE and they shall become
mandatory from the 1st January 2009. The procedures for inspection of boilers and air conditioning systems are still under discussion.
ii) Materials regulation
Currently many Portuguese construction products have the CE marking in conformity with
European directives.
The CE marking signifies that the products are suitable for construction works and satisfy the
following essential requirements (one, some or all of these requirements may apply):
¾ Mechanical resistance and stability
¾ Safety in case of fire
¾ Hygiene, health and the environment
¾ Safety in use
¾ Protection against noise
¾ Energy economy and heat retention
Such requirements must, subject to normal maintenance, be satisfied for an economically reasonable working life.
Besides the certification provided by the mark, products assigned with the EC mark must be
allowed free movement and free use for their intended purpose throughout the European Community.
iii) Construction waste regulation
The transposition of the European Directive 2006/12/EC [4] to the Portuguese law, gave rise
to the revision of previous legislation and to the creation of a new legislative framework, decree
no. 178/2006 [5], for the general management of waste. The management of waste from construction and demolition has been done according to the general requirements in this law. However, the complex management of this kind of waste, very often, create problems in the application of current legislation. Therefore, in March 2008, decree no. 46/2008 [6] was published that
introduces a legislative framework for the specific management of construction and demolition
waste. Among others, a new mandatory requirement in this law specifies a previous selection of
the construction and demolition waste before its deposition in landfills, thus promoting the recycling of waste and the minimization of waste in landfills.
iv) Green public procurement
Following the guidance from the European Commission, the Portuguese government wants to
adopt, during the period 2008-2010, environmental and sustainable criteria into public procurement. The national strategy of green public procurement was approved in May 2007 by a resolution of the council of ministers [7]. This strategy identifies the construction of public works as
a priority area for which public entities should start their political of green purchases.
The strategy defines general and specific criteria to support the implementation of green purchases and foresee the introduction of a new section regarding green purchases in the new code
of public contracting.
General environmental criteria includes energy efficiency, reduction of greenhouse gases,
prevention of pollutants’ emissions, prevention in the production of waste, recycled content of
products, minimization of environmental impacts and preservation of nature and biodiversity.
However, no procedures are indicated for the quantification of those criteria.
As a global aim it is expected that by 2010, 50% of all public procurement will include environmental criteria in their tender proceedings.
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4 ECO-LABELS AND EPDS
Following the European context of Integrated Product Policy, eco-labelling is being encouraged
as a market tool in order to promote the trade of products with low environmental impacts and
to stimulate consumer demand for greener products
International certification systems such as EMAS and ISO14001 are being achieved by companies and entities as part of their internal policies towards sustainable development. An example of a national certification system (voluntary) for the real estate sector was developed by the
SGS Group Portugal (http://www.pt.sgs.com/pt/). Two systems were created: DomusQual and
DomusNatura. While the first provides a certification in terms of the quality and conformity
with technical requirements of the construction work, the second system provides a certification
in terms of the sustainability of the construction (involving environmental aspects, energy efficiency, etc)
The most common eco-label in Portugal is the European Eco-label, which is regulated by
“Regulamento (CE) no. 1980/2000”.
The Portuguese Agency of Environment (http://www.apambiente.pt/) presents an eco-label,
“Remade in Portugal”, which aims to promote recycling of products. It is a voluntary label and
can be applied to any product (except food and medical products) with a recycled content higher
that 50%.
Currently, the development of EPDs is very limited, although, taking into consideration current policies, it is foreseen that the demand for EPDs will increase in the near future. One of few
examples of Portuguese EPDs is a simplified EPD for concrete products developed in the
framework of the European project “Stepwise EPD” by CONCRETETOPE – Fábrica de betões,
S.A. in coorperation with INETI/CENDES [8].
The Centro Tecnológico da Cerâmica e do Vidro (CTCV) has also published some environmental data for benchmarking about the national production of ceramic bricks and tiles [9].
5 CASE STUDIES
5.1 R&D Case studies
5.1.1 Sustainable Housing in Europe (SHE) – Portuguese Pilot Project
The Portuguese Pilot Project was the second stage of the “Ponte da Pedra housing state” that
was built in the municipality of Matosinhos, Northern Portugal. It is a multifamily social housing project, promoted by NORBICETA - União de Cooperativas de Habitação, U.C.R.L. This
project comprehends two building blocks and 101 dwellings, with a footprint of 3105m2 and a
total gross area of 14.852 m2. The construction phase of this project finished in the second half
of 2006 and the total budget of the project was 9.216.160 €. It was co-sponsored by the European project SHE (http://www.she.coop/) and by the National Housing Institute (INH), and supported by FENACHE (national federation of social housing cooperatives), FEUP (Faculty of
Engineering of the University of Porto) and UM (University of Minho). The design team was
coordinated by the architect Carlos Coelho.
This project is providing a very good contribution towards the implementation of sustainable
buildings in Portugal, as it is a very well disseminated project, and it is showing that it’s possible to build a building with low environmental impacts, high comfort and low life-cycle costs,
when compared to a conventional building. On the other hand, it is, currently, the only sustainable building that is recognized by internationally accepted building sustainability guidelines
(SHE).
This project is the first sustainable social housing project in Portugal and its main characteristics, in the following sustainable categories, are:
a) Participation of different intervenient - The several stages of design gathered the active participation of various intervenient in the building life-cycle, i.e., the municipality, the
promoter, the owner, the contractor, designers, engineers, technicians, neighbourhood and
potential users. This way it was possible to fulfill the social cohesion commitments in an integrated strategy for a Sustainable Development.
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b) Site selection, project planning and development - The building was built in a predeveloped area that was formerly occupied by degraded industrial buildings. Therefore, this
project had a positive contribution towards the rehabilitation of the urban area (figures 4 and
5). Since it did not use new land for construction, it has also contributed to the maintenance
of the biodiversity. The proximity of public transportation will encourage the use of it, reducing the potential impacts related to the mobility of the inhabitants.

Figure 4. Aspect of the site, before the
intervention

Figure 5. Aspect of the site, after the intervention

c) Materials selection – Use of recycled aggregates in concrete, resulting from the demolition of existing industrial buildings. The project gave priority to local or national manufactured materials, with high durability and low maintenance. For the external cladding, the design team adopted a solution with low maintenance (solid ceramic block).
d) Water efficiency – Some technologies and equipments were adopted in order to promote the reduction of freshwater use, both in the interior and exterior of the building:
• use of low flow showers and thermostatic valves for the water temperature control
(figures 6 and 7);
• green spaces irrigation controlled by an humidity sensor;
• implementation of double flush (3+6 liters) toilets (figure 8);
• construction of an underground water-tank for rainwater storage and reuse (the water is used for the irrigation of green space and in the toilets (figure 9)).

Figure 6. Low flow showers

Figure 7. Thermostatic valves for the water temperature control

Figure 8. Double flush toilets

Figure 9. Underground water tank

e) Construction and operation waste management – Several measures were introduced in order to promote the reduction and separation of waste during construction and
operation phases:
• during the construction phase, different containers were used to separate the
construction waste, according to the waste category;
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•
•

implementation of external waste containers to enable the separation and recycling of waste produced during the operation phase (figure 10);
implementation of indoor waste containers, on each dwelling, to enable the
separation of the household waste (figure 11).

Figure 10. External household
waste containers

Figure 11. Internal household waste containers

f) Energy efficiency - In order to maximize the energy efficiency, the project considered
several measures at different levels: maximization of the passive solar potential (building
orientation), minimization of the energy consumption, use of renewable energy sources, implementation of energy efficient equipments, use of low embodied energy materials and
equipments, and implementation of an information system about the best practices to reduce
the energy consumption by the users (development of a Building User Manual with relevant
information about the building operation and maintenance). Several building solutions were
implemented in order to reduce the heating and cooling needs, the energy need for hot water, and to enable the energy certification of the building:
• appropriate orientation of the building, in order to benefit from the passive solar potential and to limit the heating needs of the dwellings;
• maximum U-value of 0,35 W/m2ºC for the external envelope, and total correction of
the thermal bridges;
• use of thermal insulation according to the new thermal regulation demands;
• implementation of solar collectors in the roof (figure 12);
• use of high efficiency compact fluorescent bulbs and electronic devices, in common
spaces, controlled by solar cells in the exterior;
• implementation of natural cross ventilation in the interior spaces, in order to improve the air quality and to minimize the use of mechanical ventilation. All windows frames are equipped with natural ventilation devices (figure 13);
• design of an A class building, according to the new building energy labelling
scheme.

Figure 12. Solar collectors in the roof

Figure 13. Self natural ventilated window frames

g) Life-cycle cost - Compared to a building with the same area and shape but using conventional building technologies in Portugal, the construction cost was 9% higher, while the
dwellings price was only 5% higher. The lower operation cost will allow recovering the additional initial investment within a period of only 5 to 6 years.
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5.1.2 Edifício Solar XXI – demonstrative project in the field of renewable energies and energy
efficiency in buildings Sustainable Housing in Europe – Portuguese Pilot Project
This project was developed by Instituto Nacional de Engenharia, Tecnologia e Inovação
(INETI) (http://www.ineti.pt/projectos/projectos_frameset.aspx?id=325), in order to prove that
it is possible to build energy efficiency buildings without significant over costs. This project
aimed to highlight the advantages of solar energy (thermal and photovoltaic) in buildings. The
thermal optimization strategy included the integration of photovoltaic panels in the southern façade of the building, the use of solar thermal collectors for the heating and the integration of a
cooling system by air ventilation through the ground floor of the building.

Figure 14. Edifício Solar XXI (INETI)
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Survey of sustainable approaches in Romania
D. Grecea, V. Ungureanu
Politehnica University of Timisoara, Romania

1 NATIONAL PERSPECTIVE OVERVIEW
The Government of Romania through the Ministry of Environment and Sustainable Development and the United Nations Development Program through the National Centre for Sustainable
Development have created in July 2008, the NATIONAL SUSTAINABLE DEVELOPMENT
STRATEGY - ROMANIA 2013-2020-2030.
This National Strategy aims to connect Romania to a new philosophy of development,
adopted by the European Union and widely shared globally—that of sustainable development.
Close to the end of the first decade of the twenty-first century, after a long, traumatic transition to pluralistic democracy and a market economy, Romania still needs to overcome significant gaps relative to the other Member States of the European Union, while seeking to absorb
and implement the principles and practice of sustainable development in the context of globalization. Despite the notable progress it has made in recent years, it is a fact that Romania’s
economy still relies on intensive consumption of resources, society and the administration have
yet to develop a shared vision, while the natural capital faces the risk of degradation that may
become irreversible.
This Strategy sets specific objectives for moving, within a reasonable and realistic timeframe,
toward a new model of development that is capable of generating high value added, is motivated
by interest in knowledge and innovation, and is aimed at continued improvement of the quality
of life and human relationships in harmony with the natural environment.
In terms of general orientation, this document addresses the following strategic objectives for
the short, medium and long run:
Horizon 2013: To incorporate the principles and practices of sustainable development in
all the programmes and public policies of Romania as an EU Member State.
Horizon 2020: To reach the current average level of the EU countries for the main indicators of sustainable development.
Horizon 2030: To get significantly close to the average performance of the EU Member
States in that year in terms of sustainable development indicators.
The implementation of these strategic objectives will ensure high rates of economic growth in
the medium and long run and, as a result, a significant reduction of social and economic disparities between Romania and the other Member States of the European Union. Considering the
main indicator that measures convergence in real terms, Gross Domestic Product per person
(GDPcp) adjusted for standard purchasing power parity (PPP), the implementation of the Strategy enables Romania to exceed in 2013 half of the current EU average, to approach 80% of the
EU average in 2020 and to rise slightly above the EU average in 2030.
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The commitments that Romania undertook as a Member State of the European Union are thus
going to be fulfilled in conformity with the Treaty of Accession, along with the effective implementation of the principles and objectives of the Lisbon Strategy and the renewed (2006)
Sustainable Development Strategy of the European Union.
The text of National Sustainable Development Strategy is structured in five parts:
Part I presents the conceptual framework, defines the notions used and describes the main
points of the renewed EU Sustainable Development Strategy of 2006 (EU SDS), the state of
play regarding the preparation of agreed sustainable development indicators, and the relevant
steps Romania has taken during the pre- and postaccession periods.
Part II provides an evaluation of the current condition of Romania’s natural, manmade, human and social capital. This approach is in line with the latest (May 2008) recommendations of
the Joint Working Group for Sustainable Development Indicators formed by the EU Statistical
Office (Eurostat), the UN Economic Commission for Europe (UNECE) and the Organisation for
Economic Cooperation and Development (OECD).
Part III offers a prospective view and establishes precise objectives for the three time horizons, following closely the logic of the key challenges and cross-cutting policies as they are described in the renewed Sustainable Development Strategy of the European Union.
Part IV tackles the specific problems facing Romania and sets targets in order to accelerate
the transformations toward a sustainable development model, while narrowing and closing the
existing gaps in relation to the average performance of the other EU Member States.
Part V contains specific recommendations concerning the establishment and functioning of
the institutional framework designed to ensure the implementation and monitoring of, and the
reporting on, the results of the revised National Sustainable Development Strategy. The proposals take into consideration the experience and established practice of other EU Member States
and envisage some innovative solutions, suited to Romania’s specific circumstances, which are
aimed at promoting the accountability of public authorities and the active involvement of societal actors in an effort to meet the goals of sustainable development.
Rounding off the objectives included in national development strategies, plans and programmes, this Sustainable Development Strategy sets the main guidelines for action towards the
adoption and implementation of the principles of sustainable development in the immediate future:
• Rational correlation of development goals, including cross-sector and regional investment
programmes, with the established potential and sustaining capacity of natural capital;
• Accelerated modernisation of the educational, training and public health systems with due
consideration of the unfavourable demographic trends and their impact on the labour market;
• Use of the best available technologies, by both economic and ecological standards, for publicly funded investments at national, regional and local levels, and encouraging the choice of
such technologies on the part of private investors; entrenchment of eco-efficiency standards in
all production and service activities;
• The ability to anticipate the effects of climate change, to prepare solutions for adaptation in
the long run and to develop cross-sector contingency plans comprising portfolios of alternative
crisis-management solutions in case of natural or man-made disasters;
• Ensuring food security and safety by turning to good account Romania’s comparative advantages with regard to increased agricultural production, including organic farming; balancing
the quantitative and qualitative growth of agricultural output for human and animal consumption with the higher demand for biofuel production without compromising the need to maintain
and improve soil fertility, biodiversity and environmental protection;
• The need to identify additional, sustainable financial resources for large-scale projects and
programmes, particularly in areas such as infrastructure, energy, environmental protection, food
safety, education, healthcare and social services;
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• Protection and promotion of Romania’s cultural and natural heritage; efforts to meet the
European norms and standards on the quality of life should be pursued together with the revival
of traditional occupations and ways of life in a modern setting, especially in high mountain areas and wetlands.
The objectives set in this Strategy emerged from national and regional debates; they focus on
the maintenance, consolidation, enhancement and continued adaptation of the structural configuration and functional capacity of natural capital as a foundation for the preservation and
augmentation its support capacity and its ability to operate under the pressure of social development, economic growth and the foreseeable impacts of climate change.
The Strategy proposes an outlook of Romania’s sustainable development in the next two decades by setting objectives that go beyond electoral cycles or opportunistic political preferences.
For this reason the National Sustainable Development Strategy was submitted for endorsement
by the Romanian Parliament, while the implementation, monitoring and reporting mechanisms
and those for consultation with the civil society and the citizens are regulated by law.
Parallel to the implementation of the Strategy, the newly established executive and consultative structures will start, in 2009, a process of comprehensive re-evaluation of the national, sectoral and regional plans, strategies and operational programmes in order to make sure that they
are in conformity with the principles and practice of sustainable development and with the
evolving set of relevant EU regulations. Those structures will also be responsible for the preparation of Romania’s views on, and contributions to, further reviews of the EU Sustainable Development Strategy.
The preparation of the revised National Sustainable Development Strategy (NSDS) is an obligation that Romania has undertaken as a EU Member State in conformity with agreed Community objectives and the methodological guidelines of the European Commission.
The document is the result of a joint project of the Romanian Government, though the Ministry of Environment and Sustainable Development, and the United Nations Development Programme, through the National Centre for Sustainable Development in Bucharest. The project
was approved by Government Decision HG No. 1216 of 4 October 2007, published in the Official Gazette of Romania No. 737 of 31 October 2007.
(a) For the execution of the project the following functional and support structures were
created:
• The National Public Debate Council was the main deliberative forum and included authorised representatives of the relevant ministries and other central government agencies, political
parties, business associations, labour unions, scientific and academic community, interested
non-governmental organisations and other groups of the civil society.
The Council convened in monthly sessions to discuss the successive versions of the draft
Strategy throughout the elaboration process. The comments, suggestions and recommendations
that were made during the sessions of the Council or subsequently submitted in writing were
considered by the Drafting Group and incorporated in the final version of the Strategy.
The deliberations of the National Council were conducted in open sessions and received reasonable coverage in the media.
• The Regional Consultative Councils convened twice in each of the eight Development
Regions of Romania (in March and May 2008, respectively) with the participation of representatives of local public authorities, associations of elected officials, political parties, universities
and research institutions, business community, chambers of commerce and industry, labour unions, professional associations, nongovernmental organisations and the mass media.
The resulting contributions were examined by the Drafting Group and incorporated in the final version of the Strategy.
• The Scientific Council consisted of members and corresponding members of the Romanian
Academy and operated under its aegis to provide a critical review of the scientific accuracy of
the draft Strategy.
• The Drafting Group was formed of specialists with recognized professional competencies
in their respective fields of expertise; it prepared the conceptual framework, the thematic summary and the successive versions of the draft Strategy that were subsequently submitted for dis-
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cussion to the National Public Debate Council, the Regional Consultative Councils and the Scientific Council.
The Drafting Group examined the comments resulting from the deliberative process and from
public consultations, along with the written contributions received from various agencies, associations, interested groups and individual persons, and incorporated them in the final version of
the draft document.
• Working Groups were established within ministries and other government agencies to provide the necessary factual information for the drafting process. The figures and other data used
in the final version of the draft Strategy were checked and updated with the support of the National Forecasting Commission and the National Institute of Statistics.
• Administrative support was provided, on the basis of the Memorandum of Understanding
between the Ministry of Environment and Sustainable Development and the United Nations Development Programme in Romania, by:
The Operational Secretariat was established by the Ministry of Environment and Sustainable Development and was tasked with the coordination of relationships with central and local
government authorities and other partners, and with the management of all official correspondence related to project;
The Technical Secretariat, which operated at the National Centre for Sustainable Development /UNDP, prepared the terms of reference for the selection of the personnel involved in the
project, organized the public debate process and provided the necessary logistical support.
(b) The methodology was designed in accordance with the recommended procedures of the
European Commission and the UNDP practice.
At an early stage, the conceptual framework was prepared in the form of a draft table of contents that was further expanded to include the main theses to be developed in each chapter.
In parallel, an inventory of the main sources of reference was compiled on the principles, objectives and priorities of sustainable development, providing easy access to relevant official
documents of the United Nations, the European Union and Romanian national plans, strategies
and sectoral operational programmes.
In the following stage, the Drafting Group prepared preliminary versions for all chapters that
were subsequently revised to include data provided by government agencies, to eliminate overlaps and redundancies, and to ensure the coherence of the document as a whole.
The comments and observations that were made in the course of the public debate process
and those that were received in writing from institutions, associations or concerned individuals
were incorporated in the final version of the Strategy, after consideration by the Drafting Group.
All the documents that were relevant to the elaboration of the Strategy (successive versions of
the draft text, reference sources, minutes of the National Public Debate Council, Regional Consultative Councils, Scientific Council and Drafting Group meetings, written contributions and
comments received from interested organisations and individuals) were posted on a dedicated
Project Website.
The contact points for the project (Ministry of Environment and Sustainable Development,
National Centre for Sustainable Development, and the EurActiv press agency) were publicized
through the mass media in order to facilitate the collection of written comments and contributions from the public.
Along with the drafting process, an English version of the document was produced in order to
obtain informal international consultation prior to the official presentation of the document to
the European Commission. In this yet unfinished format, the draft National Sustainable Development Strategy for Romania was presented at the annual session of the European Chapters of
the Club of Rome (Bucharest, 24-25 May 2008).
(c) The following statistics illustrate the magnitude of the participatory mechanism that operated during the preparation of the Romanian National Sustainable Development Strategy: (as
of 24 July 2008)
• National debate events: 5
• Regional debate events: 16
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• Meetings of the Scientific Council: 3
• Meetings of the Drafting Group, in plenary sessions or expert sub-sections: 21
• Meetings of the Drafting Group co-ordinators with representatives of public authorities, political parties, business and professional associations, labour unions federations, nongovernmental organisations, youth groups and other concerned groups and persons: 39
• Total number of participants in public debate sessions at national level: 104
• Total number of participants in public debate sessions organised at regional level: 599
• Total number of interventions in public debate sessions at national and regional levels: 143
• Total number o written comments, contributions and observations received 147
• Total number of visitors to the website dedicated to the Strategy project
www.strategia.ncsd.ro: an average of 550 weekly hits between November 2007 and June 2008
• Number of draft versions of the Strategy submitted to public debate: 6; number of revisions
38.
2 METHODOLOGIES AND TOOLS
Life Cycle Analysis (LCA) is not part of current practice for most architects and engineers. The
advantages and importance of LCA are being recognized but yet its use is still very limited
3 NATIONAL CODES AND LEGISLATION
Romania has been adopting a series of measures to implement European directives related to
Sustainable Construction into the national law. Most national codes and legislation, relevant to
the sustainability of the construction sector, are derived from this process and have to deal with
the following fields:
• Energy regulation
• Materials regulation
• Construction waste regulation
4 ECO-LABELS AND EPDS
Following the European context of Integrated Product Policy, eco-labelling is being encouraged
as a market tool in order to promote the trade of products with low environmental impacts and
to stimulate consumer demand for greener products.
Currently, the development of EPDs is very limited, although, taking into consideration current policies, it is foreseen that the demand for EPDs will increase in the near future.
5 CASE STUDIES
5.1 R&D Activity developed at the Politehnica University of Timisoara
¾ FP6 INCO-CT-2004-509119 / 2004-2008 Earthquake protection of historical buildings
by reversible mixed technologies, Financing authority / Beneficiary: European Union
¾ RFCS-CT-2007-00050 STEELRETRO / 01.07.2007-31.06.2010 Steel solutions for
seismic retrofit and upgrade of existing constructions, Financing authority / Beneficiary:
European Commission - Research Fund for Coal and Steel
¾ 29/10.10.2005, 2005-2008 CEEX MATNANTECH: Structural systems and advanced
technologies for structures from high- performance steels for buildings located in highseismicity areas - STOPRISC, Financing authority: Ministry of Research and Education
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¾ 1434/27.04.2006: 2006-2008 CEEX-ET, Dual steel structures with removable dissipative elements for buildings located in seismic areas, Financing authority: Ministry of
Research and Education
¾ 04/15.09.2006., 2006-2008 Advanced training and research interdisciplinary platform
"Centre for advanced studies and research in material and structural engineering". Financing authority / Beneficiary: Ministry of Education and Research
¾ 184/01.10.2007 TD-407. Solutions for consolidation and rehabilitation of masonry and
reinforced concrete buildings placed in seismic areas using metallic materials. Beneficiary: UEFISCSU
¾ DIFISEK RFCS-CT-2007-00030, 01.07.2007. Dissemination of structural fire safety
engineering knowledge throughout Europe. Financing authority / Beneficiary: European
Union
¾ 31042/2007 PNCDI2 – PROACTEX. Structural systems and innovative technologies
for protection of buildings under extreme actions taking into account sustainable design
criteria. Financing authority / Beneficiary: ANCS-CNMP
This last project was developed in order to study sustainable building solutions for housing.
Four examples of sustainable mixed building technologies, which combine steel and timber in
the framing and different materials for cladding, roofing and flooring, in order to obtain highly
performance thermo-energetic properties are studied. Some innovative design solutions have
been used in these projects. Three examples present single family houses and one a block of
flats, all of them built in Romania. All the buildings are located in medium and high seismic regions. There are analyzed aspects related to design and detailing, as well as solutions for cladding and roofing, including structural features, thermo-energetic performance and cost efficiency analysis.

Figure 1. Bulzesc’s family house

Figure 2. Carmen’s family house

Figure 3. Constantin’s family house

Figure 4. Block of flats
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Survey of sustainable approaches in Sweden
M. Glaumann, M. Wallhagen
University of Gävle, Sweden

1 GOVERNMENT INITIATIVES
1.1 National environmental goals [1]
In 1999, 15 environmental quality objectives were adopted by Parliament. A 16th objective, on
biodiversity, was adopted in November 2005. They define the state of environment which environmental policy aims to achieve and provide a coherent framework for environmental programmes and initiatives at national, regional and local level. The objectives, which are aimed to
be reached within a generation, are formulated positively in terms that easily could be understood and communicated to the public.
The environmental quality objectives are:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Reduced Climate Impact
Clean Air
Natural Acidification Only
A Non-Toxic Environment
A Protective Ozone Layer
A Safe Radiation ...
Zero Eutrophication
Flourishing Lakes and ...
Good-Quality Groundwater
A Balanced Marine ...
Thriving Wetlands
Sustainable Forests
A Varied Agricultural ...
A Magnificent Mountain ...
A Good Built Environment
A Rich Diversity
Illustrations: Tobias Flygar

For each objective an authority is appointed to formulate measurable indicators and regularly
report the progress.
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1.1.1 Responsibilities
1.1.1.1 Environmental Objectives Council
In January 2002 the Swedish Government established the Environmental Objectives Council to
promote consultation and cooperation in implementing the environmental quality objectives
adopted by Parliament. The Council consists of representatives of central government agencies,
county administrative boards, local authorities, non-governmental organizations and the business sector. The Council is served by a Secretariat based at the Swedish Environmental Protection Agency.

The principal functions of the Council are:
•
•
•
•
•

to monitor and evaluate progress towards the environmental objectives
to report to the Government on how efforts to achieve the objectives are advancing and
what further action is required
to coordinate the information efforts of responsible authorities
to ensure coordination of the regional application of the objectives, and
to allocate funding for monitoring of progress towards the objectives, environmental
monitoring, and reporting at international level.

1.1.1.2 County administrative boards and municipal authorities
Sweden's 21 county administrative boards have overall responsibility for defining and monitoring regional goals relating to the environmental quality objectives. The county administrative
boards support the municipalities which have overall responsibility for local adaptation of the
national objectives.
1.1.2 Authorities responsible for the environmental objectives
A number of national authorities have been given overall responsibility for the environmental
quality objectives. This includes proposing and implementing measures as well as monitoring,
evaluating and reporting progress.
Authorities

Responsibility

Swedish Environmental Protection Agency Environmental objectives:
Reduced Climate Impact
Clean Air
Natural Acidification Only
A Protective Ozone Layer
Zero Eutrophication
Flourishing Lakes and Streams
A Balanced Marine Environment, Flourishing Coastal Areas
and Archipelagos
Thriving Wetlands
A Magnificent Mountain Landscape
A Rich Diversity of Plant and Animal Life
Broader issue related to the objectives:
The Natural Environment
Swedish Radiation Protection Authority

Environmental objective:
A Safe Radiation Environment

National Chemicals Inspectorate

Environmental objective:
A Non-Toxic Environment

Geological Survey of Sweden

Environmental objective:
Good-Quality Groundwater

National Board of Forestry

Environmental objective:
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Sustainable Forests
Swedish Board of Agriculture

Environmental objective:
A Varied Agricultural Landscape

National Board of Housing, Building and Environmental objective:
Planning
A Good Built Environment
Broader issue related to the objectives:
Land Use Planning and Wise Management of Land, Water
and Buildings
National Heritage Board

Broader issue related to the objectives:
The Cultural Environment

National Board of Health and Welfare

Broader issue related to the objectives: Human Health

The other authorities responsible for the work in a specific sector also have a responsibility to
work with the environmental issues. Banverket [2] and the Swedish Road Administration [3]
are two of theses which are involved in the built environment and urban planning. The Swedish
Work Environment Authority [4] and Swedish Energy Agency [5] are also involved in the work
with a sustainable development in many ways.
1.1.3 Environmental indicators
The Environmental Objectives Portal currently presents more than 80 national indicators tracking progress towards the environmental quality objectives and interim targets.
Each agency is responsible for coordinating, developing and assuring the quality and operational reliability of indicators relating to its own particular environmental quality objective(s),
and deciding how these indicators are to be used. Overall coordination is the task of the Environmental Objectives Council. The county administrative boards have worked together to develop joint indicators at the regional level. Much remains to be done to delimit a core set of
carefully selected indicators, which will then guide decisions on what more detailed data needed
to be collected and evaluated.
When choosing indicators, it is essential to coordinate as far as possible the data required for
monitoring of progress towards the objectives with those needed by other users, especially for
purposes of international reporting. This will lay a better foundation for long-term funding. In
the short term, the authorities' efforts to develop indicators have focused on securing the necessary supply of data in the most cost-effective way possible. In the subsequent development of
these indicators, there should be a greater focus on customizing them to different target groups,
so as to facilitate communication of the results of monitoring.
The indicators that are of importance for the building sector are shown in Appendix 1.
1.2 Regulations
1.2.1 Responsibility
Based on laws The National Board of Housing Building and Planning (Boverket) [6] is empowered to issue mandatory provisions and general recommendations, such as Building Regulations,
BBR and Design Regulations, BKR. The provisions are in the form of functional requirements,
referring to standards when applicable.
Boverket is responsible for the Environmental Quality Objective "A Good Built Environment":
"Cities, towns and other built-up areas must provide a good, healthy living environment and
contribute to a good regional and global environment. Natural and cultural assets must be protected and developed. Buildings and amenities must be located and designed in accordance with
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sound environmental principles and in such a way as to promote sustainable management of
land, water and other resources.”
In more detail the objective outlines a long list of qualities to be reached, ranging from architectural qualities and cultural heritage preservation to a sustainable urban structure in terms of

resource conservation, freedom from noise, healthy local climate, good quality public
transport, waste recycling and unspoiled countryside.
1.2.1.1 Interim targets

Interim targets have also been set by the Swedish Parliament, so that by 2010, inter alia,
• land use and community planning will be based on programs and strategies for a
varied supply of housing, workplaces, services and cultural activities, in order to
reduce transport demand; preservation and enhancement of cultural and
aesthetic assets, green spaces and water bodies; promotion of the use of
renewable energy resources and development of production plants for district
heating, solar energy, biofuels and wind power.
• The number of people who are exposed to traffic noise will have been reduced
by 5% compared with 1998.
• Extraction of natural gravel in the country will not exceed 12 million tonnes per
year.
• The quantity of waste disposed of to landfill, excluding mining waste, will be
reduced by at least 50% by 2005 compared with 1994.
• At least 50% of all household waste will be recycled through materials recovery,
including biological treatment.
• The environmental impact of energy use in residential and commercial buildings
will decrease and will be lower than in 1995.
• Radon levels in all schools and pre-schools are below 200 Bq/m³ air
• The new building code was launched in 1st of July 2006 apart from the chapter 9
about buildings which use electricity for heating. This chapter is still on hearing.
1.2.2 Energy use regulations
From the 1st July 2006 the demands on maximum energy use in new buildings are:
Residential buildings:
110 kWh/m2,yr for zone south (appr <62oN)
130 kWh/m2,yr for zone north (appr >62oN)
75 kWh/m2,yr for buildings with direct electrical heating - zone south
95 kWh/m2,yr for buildings with direct electrical heating - zone north
In addition the highest U-value for single parts of the building envelop should not exceed 0,5
W/m2,K.
Localities:
100 kWh/m2,yr for zone south (appr <62oN)
120 kWh/m2,yr for zone north (appr >62oN)
In addition the highest U-value for single parts of the building envelop should not exceed 0,7
W/m2,K.
Download
"Legislation The Planning and Building Act. The Act on Technical Requirements for
Construction Works, etc. The Environmental Code." Current wording June 1st 2004. It can be
downloaded at http://www.boverket.se/templates/Page.aspx?id=2323 . Observe that the English
version is not the last.
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1.2.3 Subsidies
The building stock is divided in dwellings and localities. The National Board of Housing
Building and Planning (Boverket) [7] is responsible for subsidies to the building sector.
Dwellings
• Support for adaptation to disabled people
• Support for building dwellings in areas with shortage or lack of dwellings for students
• Klimp grants – support to municipalities for investments for CO2 reductions (see below)
• Support for conversion from direct electrical heating to heat pumps or bio fuels in residential
buildings
• Support for conversion from fossil fuel heating to heat pumps or bio fuels in single family
buildings
• Support for actions to eliminate high radon levels
• Support for erection of multi-family houses (will be phased out with the new government)
[8]
• Support for installation of solar panels in residential buildings
• Support for arranging source separation in multi-family houses
Localities
• Support for common meeting rooms i residential buildings
• Support for building cultural localities as theatres and museums that are not owned by the
•
•
•
•

state.
Klimp grants – support to municipalities for investments for CO2 reductions (see below)
Support for installation of solar panels in some localities
Support for installation of solar panels in commercial buildings
Support for investments meant for increased energy efficiency or for conversion to renewable energy in public buildings

1.2.4 Energy declaration
Because the directive (2002/91/EG) from the European Parliament Sweden like other EU
countries is forced to introduce Energy Declarations for Buildings. The aim is to support energy
efficiency while considering a healthy indoor environment and cost efficiency.
The energy performance of a building is the metered energy use for areas heated to at least
10oC. In principle should buildings be declared regarding energy performance along with
suggestions for improved efficiency. The regulations are not fully implemented in Sweden yet.
1.3 Chemicals
The Swedish Chemicals Inspectorate [9] is responsible for the efforts to attain a non-toxic
environment in Sweden. The Inspectorate has launched a risk reduction tool called PRIO. This
tool is aimed at all companies with an intent to improve their environmental work. PRIO consists of a guide and a database containing about 4,000 dangerous chemical substances. It is a
web-based tool intended to be used to preventively reduce risks to human health and the environment from chemicals. The aim of PRIO is to facilitate in the assessment of health and environmental risks of chemicals so that people who work as environmental managers, purchasers
and product developers can identify the need for risk reduction. To achieve this, PRIO provides
a guide for decision-making that can be used in setting risk reduction priorities.
The recommendations on which chemicals are prioritised for risk reduction measures are
based on the environmental quality objective “A non-toxic environment” adopted by the Swedish parliament and the current proposal for the new EU chemical legislation. Although PRIO is
based on Swedish legislation and Swedish considerations, PRIO can be used by companies or
organisations in other countries as a source of knowledge or inspiration. PRIO can provide help
in preparing for the EU’s new chemicals legislation and in the work towards sustainable development.
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Substances in PRIO are divided into two levels of prioritisation: phase-out substances and
priority risk-reduction substances. The level a substance belongs to depends on the hazardous
properties of the substance.
Phase-out substances:
• CMR (carcinogenic, mutagenic or toxic to reproduction, categories 1 and 2)
• PBT/vPvB (persistent, bioaccumulating and toxic/very persistent and very bioaccumulating)
• Particularly hazardous metals (mercury, cadmium, lead and their compounds)
• Endocrine disruptive
• Ozone-depleting
Priority risk-reduction substances
• Very high acute toxicity (health)
• Allergenic
• Mutagenic Category 3
• High chronic toxicity (health)
• Environmentally hazardous, long term effects
• Potential PBT/vPvB
The efforts to avoid and reduce toxic substances in the building sector relates to the PRIO
work as far as possible. One example of this is the BASTA project described below under
“Buildingsector initiatives”.
1.3.1.1 Chemicals - Databases
The Swedish Chemical inspectorate also administer a number of databases with information,
data and statistics to help the work towards a non-toxic environment.
Databases wholly or partly produced and administered by the Swedish Chemicals Inspectorate [10]
Database
Classification List

Company register

Description
The Classification List contains binding health and/or environmental classifications of 3,300 substances, isomers, closely related substances and other
groups of substances, often representing the same "substance". Guide to
Swedish search site.
The Company Register contains the names of companies having filed a product report to the Swedish Chemicals Inspectorate. Commercial agents and reported enterprises appear on separate lists.

Flow analyses

Flow analyses contain facts on substances and group of substances, for example manufacturing methods, use patterns and physical data. The flow analyses
are part of Sweden's official statistics.

KemI-stat

KemI-stat is a tool for compiling statistical information based on the data in
the Swedish Chemicals Inspectorate´s (KemI) products register and pesticides
register.

List of substances

The List of Substances contains over 130,000 chemical substances with CAS
numbers. Approximately 100,000 of these also have an EINECS number. The
register of the list contains 170,000 synonyms.
Guide to Swedish search site.
The N-Class Database contains information on the classifications of more than
7,000 substances. The data primarily concern environmental effects constituting the basis for classifications and classification proposals. Classifications of
fire and health hazards are also included. Read more about N-Class.
The Pesticides Register contains information on more than 2,000 approved
(and previously approved) pesticide preparations in Sweden. Guide to Swedish search site.

N-Class

Pesticides register
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PRIO

A web-based tool intended to be used to preventively reduce risks to human
health and the environment from chemicals. PRIO replaces the Swedish
Chemicals Inspectorate’s Observation (OBS) list.

Restricted Substances
Database

The contains information whether a substance or group of substances is restricted according to provisions laid down in regulations issued by the Swedish government or the Swedish Chemicals Inspectorate. Guide to Swedish
search site.

Riskline

Riskline contains over 7,000 bibliographical references to peer-reviewed information on 3,000 chemical substances. Search by CAS no. to obtain best results.
The SPIN database contains information on products on the market reported to
each of the Nordic products registers. SPIN also contains data on amounts of
substances and in what products and sectors the substances are used.

The SPIN database

1.4 Taxes
The following energy taxes are applied in Sweden:
Table 1. Summary of current taxes and charges applied on energy in Sweden [11]
Type of tax
Tax level
Comments
Energy tax and CO2 Differs among the
Applied on all fossil fuels.
tax
fossil fuels
Sulphur tax
SEK 30 /kg S
Applied on heavy fuel oils, coal and peat. If
sulphur is removed from the exhaust gases the
tax could be refunded in accordance with that
Tax on nuclear elec- SEK 10200/(MWh
Applied on nuclear power
tricity production
month)
Electricity consumer SEK 0,201Tax on electric power
tax
0,261/kWh
Electricity consumer SEK 0,005/kWh
Tax on electric power used in manufacturing
tax
industry and agriculture
Value added tax
Applied on all energy consumed
Natural Gravel Tax
SEK 13/tonne gravel On quarried natural gravel
Waste tax on landfills
SEK 435 /tonne of
For waste brought into a landfill or at a facility
waste
where hazardous waste or other waste exceeding 50 tonnes per year, are deposited or stored
for a longer time than three years.
Pesticide tax
SEK 30/kg(active
Applied on sale or use of pesticides within the
constituent in the
country. Wood preservatives are exempt from
pesticide)
the tax.
Property tax
1% of the assessed
Tax on dwellings and property designated for
value
dwellings
Road user charges Differs
For trucks heavier with a total weight exceed(tolls) for foreign and
ing 12 ton.
national heavy goods
vehicles

1.4.1 Green Taxation
The Swedish Environmental protection Agency has been instructed by the Government to analyse various alternative environmental taxes as a basis for Government green taxation proposals
for the period 2005-2010 and submit proposed improvements to the effectiveness of green taxes.
Developing a Green tax reform has been under in Developing a Green tax reform is another
environmental economic instrument. Taxes on environmentally harmful activities are increased
in exchange for tax reductions on individual earnings.
Shifting the tax burden usually means that higher revenues from environmental taxes are used
to offset a reduction in taxes on labour (or other distorting taxes). The effect of a green tax re-
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form is not to increase taxes overall, but to redistribute tax revenues within a given framework,
and to use taxation more specifically as an instrument of environmental control. The purpose of
redistributing money is to promote environmentally sound activities and choices. Higher environmental taxes will result in a better environment (environmental benefit). In addition, they
may benefit society by reducing unemployment (efficiency benefit).
1.5 Klimp
The Swedish EPA is granting SEK 317 million to 25 local climate investment programmes
(Klimp), and three special projects known as Guldklimpar (“gold nuggets”). The total investment amounts to SEK 1.2 billion. The programmes are taking place throughout Sweden, and are
estimated to cut Swedish greenhouse gas emissions by 203,000 tonnes per year, which corresponds to emissions from about 70,000 cars.
“The local climate investments are an important part of work to limit the greenhouse effect
and to help us achieve the Swedish climate objective”. More than 40 per cent of the approved
funding is earmarked for biogas projects, while about 20 per cent is for investments in district
heating. The remaining projects include measures to boost energy efficiency in buildings and
industry, improved conditions for cycling and public transport and local information about the
climate issue. The players include municipalities, companies, county councils and regional cooperation bodies.
The approved programmes are estimated to cut Swedish greenhouse gas emissions by
203,000 tonnes per year, of which carbon dioxide makes up about 184,000 tonnes and other
greenhouse gases roughly 19,000 (calculated as carbon dioxide equivalents). Nearly half the reduction in emissions will occur in the transport sector. Total energy consumption will fall by
about 215,000 MWh, of which about 97,000 MWh is electricity.
The climate investment programme, Klimp, is a type of government funding to municipalities
and other local players who make long-term investments to reduce the greenhouse effect. The
EPA takes care of the administration of Klimp, while the Council for Investment Support (RIS),
with members appointed by the government, decides on the grants. Besides the Swedish EPA,
the applications have been assessed by the National Board of Housing, Building and Planning,
the Swedish Energy Agency, the National Road Administration and the National Rail Administration. The climate investment programme was introduced in 2003, and this is the third round
of grants to be awarded. The closing date for applications for the next round is 1 November
2006.
In 2005, 51 applications were submitted for funding amounting to SEK 1.3 billion. 25 programmes, as well as three independent ones called Guldklimpar (gold nuggets), are now being
granted a total of SEK 317 million in funding. The programmes are in: Borås, Gothenburg,
Helsingborg, Hässleholm, Katrineholm, Knivsta, Kristianstad, Landskrona, Leksand, Lidköping, Lilla Edet, Luleå, Malmö, Olofström, Region Skåne, the Regional Council in Kalmar
County, the Östsam Regional Development Council, Stockholm, Svedala, Söderhamn, Tranemo, Trollhättan, Ulricehamn, Varberg and Östersund. The three Guldklimpar are in Svedala,
Söderhamn and Örnsköldsvik.
Read more at: http://www.naturvardsverket.se/klimp
1.6 Official reports [12]
A number of Governmental reports about the subject have been published. Unfortunately we
couldn’t find them in English.

Energy declarations
Energideklarationer - Metoder, utformning, register och expertkompetens [13]
Miljö- och samhällsbyggnadsdepartementet, Utredningen om byggnaders energiprestanda N
2003:12, Statens offentliga utredningar (SOU) SOU 2005:67 4 augusti 2005

Building declarations
Byggnadsdeklarationer - Inomhusmiljö och energianvändning [14]
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Miljö- och samhällsbyggnadsdepartementet, Byggnadsdeklarationsutredningen,
offentliga utredningar (SOU) SOU 2004:78 1 juli 2004

Statens

Better indoor environment
Bättre inomhusmiljö [15]
Miljö- och samhällsbyggnadsdep., Statens offentliga utredningar (SOU) SOU 2005:55 2 juni
2005
2 SECTOR INITIATIVES
2.1 The Ecocycle Council – A Unique form of Cooperation
The Ecocycle Council is an association of around 30 organizations within the Swedish building
and real estate sector. The aim of the organization is “that the building sector, through voluntary
efforts, on market grounds and in close co-operation with authorities and legislation, succeeds
in conducting credible, effective, co-ordinated and systematic environmental work that results
in permanent environmental improvements”.
The history goes back to 1994 when the Swedish government through its "Ecocycle
Commission" established informal contacts with a number of representatives of the building and
property sector. To facilitate contacts with the Ecocycle Commission the representatives of the
sector took the initiative to set up a network - the Ecocycle Council for the Building Sector.
Now a more formal association just called “The Ecocycle Council”. The idea was to enable the
sector's many different interested parties to get together to discuss and elaborate on this single
issue: How should we formulate producer responsibility in the building and property sector?
Today the aim is broader – that the building sector, through voluntary efforts, should reduce the
environmental impact of the building sector.
The building and real estate sector is of significant importance to society. I n Sweden the
building sector occupies around 440 000 people and has a turn around about 40-50 billion Euros. But the sector also stands for a big part, around 40 %, of the use of energy and materials in
society but also a considerable part of the production of waste. This means that the sector has a
great environmental impact. But the Swedish building and real estate sector has conducted a
unique project – The Environmental program 2003-2010 – trying, on a voluntary basis, to reduce this environmental impact.
The Environmental Program is based on an environmental review which has identified the
significant environmental aspects of the building sector. From these significant environmental
aspects – The use of energy, The use of materials, The use of hazardous substances and The impact on indoor air quality in buildings – the Ecocycle Council has formulated a number of environmental objectives and a plan of action.
The Environmental Program 2003-2010 was approved by The Ecocycle Council in October
2003.
The Environmental Review 2000
The building sector has on it’s own initiative conducted an environmental review to identify the
significant environmental impact of the sector. The study was carried out in accordance with the
environmental management principles of ISO 14000. The idea was that the environmental review should create a basis for the voluntary undertaking of the sector to ensure “that the building sector, through voluntary efforts, on market grounds and in close co-operation with authorities and legislation, succeeds in conducting credible, effective, co-ordinated and systematic
environmental work that results in permanent environmental improvements". The environmental review is the first study that in a systematic way, and on the basis of environmental management principles, compiles a number of reports and studies into one common environmental
review for the entire building sector.

2.86

Environmental objectives
(1)

Energy Conservation

1. Buildings:
•

The use of purchased energy per square meter should be reduced by 10% between the years 2000 and 2010.

•

The use of fossil fuels for heating purposes should be reduced by 20% between
the years 2000 and 2010.

2. Civil Engineering Works
•

(2)

The use of fossil fuels for transports, construction machines and industries
within civil engineering works should be reduced by 10% between the years
2004 and 2010.
Economizing with building materials

•
(3)

To halve the volumes of landfill waste from construction works between 2004
and 2010.
Fading out hazardous substances

•
•
(4)

The use of hazardous substances within the Building Sector should be reduced
to a minimum by the year 2010.
Latest by the year 2006 the main part (> 3/4) of the relevant building products
on the Swedish market should have building product declarations.
Secure and sound Indoor Environment

•
•

New buildings should be designed, built and maintained in a way that secures a
sound indoor environment.
Existing buildings that causes health problems should be identified and remedies
should be carried out latest by 2010.

The Environmental Program 2003-2010 was approved by The Ecocycle Council in October
2003. Now it’s the mission of all the organizations within the Council to inform their members
and help them to implement the goals and actions in their businesses.
Plan of action 2003-2010
The Ecocycle Council has formulated more than 20 different projects to support the implementation of the Environmental program. Most of these activities aim to a self-regulation of the
processes of the building sector.
Building product declarations
The Ecocycle council is also working with the development of building product declarations
and draw up a proposal for common principles about how information about the building products should be organised and presented. Building product declarations are meant to gather information about the products use of materials, energy use and lifecycle.
This work has also continued in the building sector. Principles for building product declarations have been developed by SKASKA Sverige partly with grants from Svenska Byggbranschens Utvecklingsfond (SBUF). They have constructed an open database called “Byggarnas
BVD-plats” [16] with building product declarations. It is voluntary for companies to make declarations. Today there are 1500 registered building product declarations in the system.
For chemical products there is also a database for the compulsory declarations with safetydata-instructions (säkerhetsdatablad), “Byggarnas VIB-plats”. Today there are approximately
7000 registered declarations.
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2.2 Building, Living and Property – a dialogue project [17]
The dialogue project Building, Living and Property Management for the Future is a unique cooperation between companies, municipalities and the Government with the purpose to achieve a
development of a sustainable building and property sector in Sweden. By the means of this dialogue, the parties have reached a voluntary agreement to take concrete measures for a sustainable development.
The dialogue project Building/Living has three prioritised areas:

•
•
•

Healthy indoor environment
Efficient use of energy
Efficient resource management

We would like our website visitors to understand what the dialogue project Building/Living
implies in order for us to achieve a sustainable building and property sector, with an emphasis
on the three prioritised areas. The website will also provide the visitor with news on how the
sector deals with management issues and the sustainable development of the building and property sector.
2.2.1 What is to be done?
In the “Building/Living Project”, the Government, together with companies and municipalities,
have expressed a number of aims that they wish to achieve. The actors have signed an agreement on concrete efforts that are now being implemented
2.2.2 The commitments
Concrete efforts – the 7 areas The commitments that the actors sign are divided into seven areas
that are concluded in the following recommendations:
• Plan for sustainable community planning!
• Adopt a holistic view for the entire life-cycle of the building structure!
• Establish quality and efficiency in the construction and property management processes
and furnish new warranties for sustainable development!
• Property management with consideration to energy and environment!
• Classify buildings!
• Invest in research, development and training for sustainable building and property sector!
• Do follow-up and evaluation work!
2.2.3 Aims for the Building/Living project
The aims encompass anything from the amount of disposed waste, tapped pit run, substances
dangerous to the environment, health issues related to buildings, the use of chemicals - to the
strain on the environment from energy application. Therefore, there are obvious connections to
the national environmental quality aims that the Swedish Parliament and Government have developed.
The “Building/Living” goals – goals that have been formulated within “the Project for
Building, Living for a Sustainable Building and Property Sector in Trust for the Future”.
1. The environmental stress from the energy application in homes and premises is decreasing
and no later than 2025, heating and water heating will be made using only limited elements of
fossil fuels. No later than 2015 more than half of the annual energy need will come from renewable energy sources.
2. The use of purchased energy in the sector will decrease with at least 30 % until the year of
2025 compared to 2000. The energy application is lower in 2010 than it was in 1995.
3. No later than 2005 there will be information adapted for the sector that will make it feasible
not to choose construction material/constructional design which contain or are the cause of
known substances which are health-impairing or dangerous to the environment.
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4. No later than 2009, all newly built houses and 30% of the existing ones will be declared and
classified as to the effect on health and environmental issues related to buildings.
5. The building and property sector is phasing out the use of substances and metals that are included in the Government’s guidelines for chemical application at least at the rate as is stated in
the Government proposal 2000/01:65 Chemical strategy for a non-poisonous environment.
6. The quantity of disposed waste2, mine waste not included, will decrease with at least 50% to
2005 counting from the levels of 1994, while the total quantity of generated waste will not increase. No later than the year of 2010, disposed waste from new constructions and reconstructions, property maintenance and demolished houses will amount to no more than 25% measured
in tons from the levels of 1994. In 2025 no more than 10% will be disposed.
7. In 2010 the tapped pit run in the country will not be more than 12 million tons per year and
the share of recycled materials will amount to at least 15% of the ballast application.
1

The goals for the ”Building/Living” project refer to the companies and municipalities that participate in
the ”Building/Living” project. Comments to goals number 1, 2, 5, 6 and 7 can be found in the memorandum of “’Building/Living’ goals – Goals for Building, living and sustaining estates for the future – the
use of energy, controlled tipping, and tapped pit run”, which can be received from the Ministry of the
Environment. It can also be found as Annex 1 to the final report of “Building, living and sustaining estates for the future”. It should be noted that the goals and subdivided goals regarding environmental quality that are valid today, 2003 can be subject to completion by the Parliament.

2

Includes all waste, also domestic wastes

2.3 Basta [18]
There is a great need to reduce the use of hazardous substances in construction products and
chemical products. In the BASTA system, the Swedish construction sector has agreed on a common definition of the substance properties for the decision as to whether a product is to be accepted or not. These substance properties are based on the plans in the forthcoming REACH
regulation. The burden of proof in the BASTA system is put on the supplier, who has to confirm
whether the product meets the criteria or not. A system of self-declaration of this kind needs to
be supplemented by a quality assuring auditing, and the BASTA project has drawn up the procedures to ensure that such validation can be carried out in a credible and cost-effective way.
For the dissemination of the suppliers' assessed products the BASTA project has developed a
web-based database.
The industry standard for properties criteria has been developed with broad endorsement by
large parts of the Swedish construction sector, which is crucial to the future success of the system. It has been possible for this to be done through great openness in the drafting of these criteria.
The validation method that is to assure the system of credibility consists principally of two
parts: firstly requirements relating to the supplier´s expertise, documentation and organisation,
which are collated in a contractual document which each participating supplier signs, and secondly random-sample audits of the suppliers´ data.
3 OTHER NON-GOVERNMENTAL INITIATIVES
3.1 The Swedish Environmental Management Council [19]
The Swedish Environmental Management Council (SEMC) is a company owned jointly by the
Swedish Government, the Confederation of Swedish Enterprises and the Swedish Association of
Local Authorities and Regions. The overall aim of the activities of the Council is to help and
support private and public organisations to implement and carry out a systematic and progressive environmental work towards a sustainable development.
The Swedish Environmental Management Council administrates three tools – EMAS and
EPD for improving and communication about the environmental performance of organisations

2.89

and products/services and EKU for product-related guidance about ecologically conscious procurement.
The rationale of the Swedish Environmental Management Council is to provide a neutral
platform stimulating a dialogue between all actors in society – from authorities, the business
sector, non-governmental organisations as well as environmental organisations. The activities of
the Council are carried out based on a broad consensus among different stakeholders in the field
of environmental management both nationally and internationally.
3.2 Environmental assessment methods for buildings
A number of methods for environmental assessment of buildings and/or building materials have
been developed mostly by different companies active in the sector. They vary from simple
checklists to sophisticated LCA tools and cover things like investigation of existing buildings.
Year 2005 35 such Swedish methods were identified of which 27 were more actively used [20]
mainly by different enterprises. The only one with a more holistic and scientific approach is the
EcoEffect method developed by KTH and the University of Gävle [21].
This area is still under development and very slowly penetrating the market. The more sophisticated tools can more be looked upon as learning instruments about the relation between
buildings and environmental impacts while the simpler are practicable but often trustworthy.
A broad new cooperation between the building sector and the academic world started a year
ago aiming at developing a compromise between sophistication and simplicity regarding environmental assessment of buildings. This new method, “Environmental classification of buildings” is planned to be launched in the end of 2007. Since many representatives from the sector
are involved in the development work it is expected to that this method, which is linked to the
“Building, Living, Property” project mentioned above, will be widely used in the future.
3.3 ISO 14000 [22] and EMAS [23]
There are environmental management systems which are used in the building sector and by
other companies. The most common are ISO 140001 and EMAS. Many companies that are not
certified have their own system built on the same principles. A lot of companies in Sweden are
ISO 14001 certified. Sweden has the highest amount of certified companies in relation to the
number of inhabitants. It’s more common with ISO 14001 certification than EMAScertification.
3.4 Environmental labelling of building products
There are three environmental labels available in Sweden. “Good Environmental Choice” is
launched by the Swedish Society for Nature Conservation [24]. They have almost no labels for
building products apart from electricity and an impregnation for concrete. The Swan is a Nordic
Ecolabel [25]. They have labels for a few building products as fibre board, gypsum board, chipboard, biofuel, boilers, fireplaces, white wares, impregnated wood, kitchen appliances and windows. The Flower is the European Ecolabel [26]. They have labels for household appliances
like dishwashers, refrigerators, vacuum cleaners and washing machines. They also have labels
for indoor paints and varnishes.
Environmental Product Declarations (EPD) [27] administered by the The Swedish Environmental Management Council mentioned above are not environmental labels but can serve a
similar purpose since all emissions and use of energy and materials should be declared. EPDs
exist for particle boards, cement, concrete, glass, clay bricks, pellets, washing machines,
fridge/freezers, district heat, electricity and solid waste treatment.
For wood products the labelling The Forest Stewardship Council [28] (FSC) is used. The
Forest Stewardship Council (FSC) promote environmentally appropriate, socially beneficial,
and economically viable management of the world's forests. FSC in Sweden, called Svenska
FSC, is a national based, not for profit organization and one of FSCs national initiatives, often
referred to as NIs.
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3.5 Swedish Society for Nature Conservation
Today the Swedish Society for Nature Conservation (SSNC) is the biggest nature conservation
and environmental organisation in Sweden with 170 000 members and 274 local branches
across the whole country.
The SSNC was established in 1909. At that time an elite group was concerned about the increasing
degradation of Sweden's nature and wildlife due to rapid industrialisation. Until a few decades ago, the
activities of the SSNC were primarily focused on national, i e Swedish, environmental issues and traditional conservationist concerns. In 1990 funds from the Swedish International Development Co-operation
Agency (Sida) made it possible for the SSNC to cross borders and begin collaboration with environmental organisations in Europe and in the South.

The organisation works with building related issues when they interfere with environmental
conservationist concerns. For example are they involved in promoting Forest certification according to FSC, Forest Stewardship Council. Sweden has by now the world's largest area of
FSC-certified forest.
3.6 O2 Nordic [29]
O2 Nordic is a network of people working active with design for a sustainable development.
The network is organised as an economic organisation/förening with the headquarter in Gothenburg. O2 Nordic is part of the international O2 network. (www.o2.org)
O2 Nordic Mission Statement:
We believe that the development of a sustainable future is the greatest and most inspiring design challenge of our time.
O2 Nordic aims to influence and inspire industry to look at sustainability as a business opportunity, and authorities to formulate a clear and attractive sustainability vision.
O2 Nordic connects people in Sweden as well as between the Nordic countries as a permanent meeting place and a place for action.
4 SWEDISH ASSOCIATION OF ARCHITECTS ENVIRONMENTAL GROUP [30]
The Environmental group in the Swedish Association of Architects are working with ecological,
environmental and sustainable issues in the building and planning processes.
5 RESEARCH
There is a lot of research being done in the field of sustainable building and planning in Sweden. The main researchfounds supporting and giving grants to researchprojects in the field of
sustainable building and planning are FORMAS [31], VINNOVA [32], NUTEK [33], Energimyndigheten [34], Mistra [35], ARKUS [36].
6 SUSTAINABLE BUILDING PROJECTS
Designing houses and planning to build a more sustainable society have been on the agenda in
many projects in Sweden the last 30 years, but still there is more to be done. In the book “SAR:s
Ekoguide” [37] you can read about 150 of these projects. Larger developments with sustainable
ideas that have been most recognised are Bo 01 [38], Lindås [39], Hammarby Sjöstad [40].
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APPENDIX 1
Environmental indicators for the Swedish environmental quality objectives that are related to
the building sector
Indicator

Objectives monitored

Allergenic chemical products

A Non-Toxic Environment

People with allergy or asthma who report nuisance due to Clean Air
air pollutants
Benzene in air

Clean Air
A Good Built Environment

Nuisance from vehicle exhaust gases

Clean Air

Symptoms attributed to indoor environments

A Good Built Environment

Nuisance from transport noise

A Good Built Environment

Nuisance from wood smoke

Clean Air

Homes with damp and mould

A Good Built Environment

Historic buildings

A Good Built Environment

CMR substances in products

A Non-Toxic Environment

Energy use

Reduced Climate Impact
Clean Air
Natural Acidification Only
A Safe Radiation Environment
Flourishing Lakes and Streams
Thriving Wetlands
A Good Built Environment

Exposure to environmental tobacco smoke

A Good Built Environment

Contaminated sites

A Non-Toxic Environment

Acidified forest soils

Natural Acidification Only
Sustainable Forests

Acidified lakes

Natural Acidification Only

Old forests

Sustainable Forests

Gravel use

A Good Built Environment

Gravel extraction in important groundwater areas

Good-Quality Groundwater
A Good Built Environment

Household waste

A Good Built Environment

Hard dead wood

Sustainable Forests

Chemical products hazardous to health

A Non-Toxic Environment

Greenhouse gas emissions

Reduced Climate Impact

Chlorine and bromine emissions

A Protective Ozone Layer

Hydrocarbon emissions

Clean Air
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Municipal cultural environment programmes

A Good Built Environment

Municipal programmes for green areas and aquatic areas

A Good Built Environment

Municipal transport programmes

A Good Built Environment

Nitrogen dioxide in air

Clean Air

NOx emissions

Natural Acidification Only
Clean Air
Zero Eutrophication

Environmental management systems

A Non-Toxic Environment

Nitrogen deposition

Natural Acidification Only
Flourishing Lakes and Streams
Good-Quality Groundwater
Sustainable Forests
A Magnificent Mountain Landscape

Sulphur deposition

Natural Acidification Only
Flourishing Lakes and Streams
Good-Quality Groundwater
Sustainable Forests
A Magnificent Mountain Landscape

Nickel allergy

A Non-Toxic Environment

Ozone in air

Clean Air

PM10 particles in air

Clean Air

Radon in drinking water

A Good Built Environment
A Safe Radiation Environment
Good-Quality Groundwater

Radon in apartment buildings

A Good Built Environment
A Safe Radiation Environment

Radon in schools

A Good Built Environment
A Safe Radiation Environment

Radon in houses

A Good Built Environment
A Safe Radiation Environment

Prohibitions on demolition of buildings

A Good Built Environment

New buildings near the sea shore

A Balanced Marine Environment, Flourishing Coastal Areas and Archipelagos

New buildings near lake shores and river banks

Flourishing Lakes and Streams

Sulphur dioxide in air

Clean Air

Sulphur dioxide emissions

Natural Acidification Only
Clean Air

Sleep disturbance from transport noise

A Good Built Environment

Nitrogen entering coastal areas

Zero Eutrophication
A Balanced Marine Environment, Flourishing Coastal Areas and Archipelagos

UV radiation

A Protective Ozone Layer

Groundwater protection areas

Good-Quality Groundwater
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Plant protection products

A Non-Toxic Environment
A Varied Agricultural Landscape
Flourishing Lakes and Streams
Good-Quality Groundwater

Recycling of glass

A Good Built Environment

Recycling of metal

A Good Built Environment

Recycling of paper/cardboard

A Good Built Environment

Recycling of plastic

A Good Built Environment

Recycling of corrugated cardboard

A Good Built Environment
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Survey of sustainable approaches in Turkey
I. Kahraman
Dokuz Eylul University, Turkey

1 NATIONAL PERSPECTIVE OVERVIEW
As being a developing country Turkey did not finish the period of its industrial development.
For this reason environmental issues did not have a great affect on industrial firms up to now.
However, while Life Cycle Analysis (LCA) is not so common in Turkey for stakeholders, Life
Cycle Cost (LCC) is more common. The reason for this is money. The owner of the building
can save money by using LCC. Construction sector take the advantage of gaining money and try
to learn more about LCC. Many building owners apply the principles of life cycle cost analysis
in decisions they make regarding construction or improvements to a facility. The initial costs act
an important role for our decisions but they are not the only factors.
Studies continue on Energy Efficiency Law prepared for the efficiency in the use of energy
and energy resources to be increased. A draft has been prepared in accordance with the studies
executed by EIE (general directorate of electrical power resources surveying administration)
covers the rules and basis concerning the energy efficiency to be raised in industrial establishments, buildings and transportation energy conscious to be developed in community –wide and
benefiting from the renewable energy resources.
Energy efficiency in industrial establishments and buildings also has priority in the law draft.
It is also suggested Energy Efficiency Coordination Commission to be constituted with the aim
of studies for energy efficiency to be executed properly country- wide and the conclusions
monitored.
The energy efficiency law draft which has not been fully completed yet includes provisions
promoting the use of domestic resources. An energy efficiency strategy paper has been prepared
by EIE as a pre study for the law draft. And that paper approved by Ministry and Europe Union
commission, has the importance of being the first cooperation with EU on energy efficiency.
Turkey also previously rejected signing the Kyoto protocol; but, nowadays plans to ratify the
Protocol. Because of global warming our country slowly changes its policy for a green environment.
2 METHODOLOGIES AND TOOLS
LCA is not a common tool for construction sector.
Also, there is no common methodology for LCC. Because of being a comparison if anyone
take the same inputs, takes some results to compare. In Turkey you have to consider the inflation rate per year. When comparing energy inflation rate takes a great importance. The inflation
rate of natural gas at a average rate of nearly 13% over the past 5 years, and this is just the start.
The rate increases of the last couple years have been over 25%.

2.96

3 NATIONAL CODES AND LEGISLATION- ECO-LABELS AND EPDS
A national code for sustainable construction has not produced yet. As I mentioned above there
are some national codes for solar energy usage but not for sustainable construction.
• TSE (Institute of Turkish Standards) Standards for solar energy usage;
• TS 3680 – Solar Energy Collectors;
• TS 3817 –Solar energy, water heating systems establishing, operating manual.
Also eco labels and EPDs are not common for construction materials.
There are not any LCC regulations which a construction owner has to obey. There are no investigations on new buildings to understand whether it is environmental friendly or not. LCC is
being used by the owners of construction without any obligation
4 CASE STUDIES
4.1 Solar energy
As a part of sustainable construction there is a huge usage of solar power in Turkey. Solar
power is mostly used for heating energy of water. The solar collectors in Turkey are 12 million
m² and produce capacity per year is 750 000 m². The total heat energy produced by solar energy
420 000 TEP (weight equivalence of petroleum as ton) per year [1].
As a beginning to the solar energy potential determination, EIE (general directorate of electrical power resources surveying administration) had evaluated the historical solar energy data
measured by the State Meteorological Organization between the years of 1968-1982.The results
were published in two reports in 1983. On the basis of these evaluations, it is concluded that the
average annual value of sunshine hours is 2640 and annual average solar intensity is 3.6 kWh
/m²-day, while maximum annual sunshine hours is 3016 hours and maximum solar intensity is
5,8 kWh/m2 –day [2].
Solar data acquisition systems have been installed in total 8 locations: Antalya, İzmir, Ankara, Aydın, Adana, Isparta, Kayseri and Balıkesir. The measurements in Antalya, İzmir and
Aydın were completed [2].
Table 1. Monthly Average Solar Potential of Turkey (Source: General Directorate of EIE)
MONTHS
MONTHLY TOTAL SOLAR
SUNSHINE
ENERGY
DURATION
(hours /month)
(Kcal/cm2-month)
(kWh/m2-month)
January
February
March
April
May
June
July
August
September
October
November
December
TOTAL
AVERAGE

4,45
5,44
8,31
10,51
13,23
14,51
15,08
13,62
10,60
7,73
5,23
4,03
112,74
308,0 cal/cm2-day

51,75
63,27
96,65
122,23
153,86
168,75
175,38
158,40
123,28
89,90
60,82
46,87
1311
3,6 kWh/m2-day

103,0
115,0
165,0
197,0
273,0
325,0
365,0
343,0
280,0
214,0
157,0
103,0
2640
7,2 hours/day
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Table 2. Regional Distribution of Solar Energy Potential of Turkey (Source: General Directorate of EIE)
REGION
TOTAL SOLAR
SUNSHINE
RADIATION
DURATION
(kWh/m2-year)
(hours/year)
Southeastern Anatolia
1460
2993
Mediterranean
1390
2956
East Anatolia
1365
2664
Central Anatolia
1314
2628
Aegean
1304
2738
Marmara
1168
2409
Black Sea
1120
1971

4.1.1 Photovoltaic Lighting Units
Battery of the system is charged by the electricity generated by photovoltaic modules during
the day. Currently 5 units are installed, 2 in Ankara AOÇ, 2 in Didim Research and Training
Center of EIE, and 1 in the EIE building, in Ankara. There is also a 160 Wp lighting system in
Didim [2].

Figure 1. Photovoltaic Lighting Units in Ankara and Didim

Another project was developed by Vailant team in order to prove the usage of solar energy
as a power for electricity. These panels produce electricity from solar energy. There are 4 panels
at the south facade. With these 120 cm x 320 cm panels they can produce electricity for the
showroom. The company is also the producer of these panels.

Figure 2. Vaillant Izmir headquarter building
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4.1.2 Photovoltaic Water Pumping Systems
Of the systems that can be used in small scale agricultural irrigation, the first consists of 616 Wp
PV modules, an inverter and a submersible pump. The economical calculations indicated that
the system is economically competitive with diesel engines, in sites without grid [2].

Figure 3. Photovoltaic Water Pumping Systems [2]

4.1.3 Photovoltaic Traffic Warning System
The system consists of a 50 Wp pv module and 70 Ah battery, as well as a flashing lamp [2].

Figure 4. Photovoltaic Traffic Warning System [2]

4.2 Soil and water (sea/lake) based heating
4.2.1 Soil Based Heating systems
At this application we gain energy from the soil. The water in the pipes absorbs energy from the
soil and because of the circulation in these pipes we use that energy inside the house [3]. This
kind of application is getting very common.
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Figure 5. The usage of soil based heating (IVT industrial brochure)

4.2.2 Sea/Lake based Heating systems
The principle is the same with the soil based heating. The water in the pipes absorbs energy
from the sea or lake and we use that energy inside the house.
At this kind of work we use 2 to 4 unit environmental energy and 1 unit electricity and obtain
3 to 5 unit heating energy [3].

Figure 6. Sea based heating

We use the energy of soil or sea by ground heating pipes.
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Figure 7. Ground heating pipes of Timinci House.

4.3 Wind energy
In the years 1960-1961, a survey recorded 749 wind mills of which 718 were used for water
pumping and 41 for electricity production. A 1978-1979 survey revealed 871 water pumping
and 23 electricity producing windmills. It is understandable that the use of wind energy in Turkey declined until the 1980’s as elsewhere. The original idea was to build wind power plant in
Bozcaada on the westcoast of Turkey [5].
On April 3, 1998, Interwind initialled the first wind energy for a 7.2 MW project. Now,
Turkey’s wind power stations is totally 20.1 MW [5].
Table 3. Turkey’s wind power
Name of power station
Delta Plastik Otoprodüktör
ARES Güçbirliği Holding BOT
BORES Demirer Holding BOT
Sanjüt Sanayi Otoprodüktör
Total for Turkey : 20.1 MW

Establishment year
1998
1998
2000
2003

Power (MW)
1.5
7.2
10.2
1.2

Place
İzmir - Çeşme - Germiyan
İzmir – Çeşme - Alaçatı
Çanakkale - Bozcaada
İstanbul - Çatalca

In February 2001,Turkey passed the long-anticipated Electricity Market Law, which paves
the way for a free market in power generation and distribution in the country. In the framework
of restructuring the Turkish electricity sector, comprehensive and detailed studies to determine
the basic parameters of the sector have been implemented by the consultants. The main goal of
these studies is to establish an institutional structure and the corresponding regulatory
framework for the sector [6].
At present, not only the electricity sector, the whole energy sector in Turkey is in a dynamic
change.
Today there is a serious intention on the part of Turkish authorities to promote wind energy.
The authorities are begining to understand the potential of wind energy, the state of its technology and its possible contributions to the national economy.
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The Turkish Wind Energy Association planed a project on preparation of a Wind Atlas of
Turkey. This project will be carried out jointly by state meteorological service (DMI) General
Directorate of Electrical Power Resources Survey and Development Administration (EIE) [7].
There have been several methods for the estimation of wind potentials. Turkish Wind Atlas
was prepared by using WASP (Wind Atlas Analysis and Application Program) model used for
European Wind Atlas. In this study, onsite surveys have been done for 96 meteorological stations, distributed homogeneously over Turkey, and 45 of these stations were used for the preparation of the Atlas. Turkish Wind Atlas was prepared and published by State Meteorological
Services and Electrical Power Resources Survey and Development Administration [7].

Figure 8. Turkey’s wind potential [7]
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Construction activity is associated with considerable environmental impacts in general.
Construction processes are considered to be linked with consumption and exhaustion of natural
resources, destruction of natural habitats, waste generation and pollution. Construction is
therefore an important area where environmental sustainability needs to be promoted, in order to
allow for a reduced impact on the environment. Sustainability in construction draws from the
concept of Sustainable Development, which is based on the environmental, economic and social
domains.
The environmental impact of new and existing structures is reduced through a life cycle
approach. The life cycle includes the production of materials, transport, building processes,
operation and maintenance, and the end of life. A life Cycle Assessment can help identify the
potential for improved environmental performance. The total energy use needs to be addressed
in a life cycle perspective, in order to identify the critical phases in the life cycle.
It is therefore relevant to address the following;
 Assessment of existing and innovative materials, products and processes, with the aim of
achieving the goals of a reduction in material consumption, decrease in the waste generated,
decrease in emissions and reduced energy consumption.
 Improved environmental performance and improved comfort in buildings, improved energy
performance, and the integration of innovative systems in construction.
The concrete industry is considered to be a large consumer of natural resources. In particular
the quarrying, processing and transport of aggregate, and the raw material necessary for the
manufacture of cement, lead to a considerable consumption of energy, and affect adversely the
ecology. The potential recycling of waste materials, including recycled concrete, results in a reduction in waste disposal, and a reduced consumption of natural resources. Borg R.P. et al
addressed the Life Cycle Assessment of concrete. Various aspects need to be taken in consideration when assessing the potential production of recycled aggregate concrete (RAC), including
the assessment of the rheological, mechanical and durability properties of various types of RAC;
investigation of the potential of the utilization of RAC in the production of structural concrete;
and comparative analysis of the environmental impact of natural aggregate concrete (NAC) and
RAC. (Borg R.P. et al, Life Cycle Assessment of Concrete.)
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Marinkovic S. et. al. addressed the life-cycle environmental impact assessment of natural aggregate concrete, produced in Serbia. Most of the data used for raw material production, concrete
production and demolition and transport was provided from suppliers and manufacturers in
Serbia. The environmental impact categories studied in the work were: Energy Use, Global
Warming Potential (GWP), Eutrophication Potential (EP), Acidification Potential (AP) and
Photochemical Oxidant Creation Potential (POCP). The analyses performed identified the production of cement as the main contributor to all the impact categories assessed. The authors also
concluded that the contribution of transport can be significant, especially with regards to POCP
and to a minor extent, to EP, which directly depends on the transport distances. (Marinkovic S.
et al, Life Cycle Environmental Impact Assessment of Concrete).
In order to address the overall environmental impact, all the life cycle stages of a structure need
to be taken into account, including the construction materials, construction activities, demolition
and dismantling, and recycling of waste materials and disposal. The end of life phase includes
also demolition, and recycling of waste materials. A comprehensive investigation and a detailed
assessment of damages are necessary, in the appraisal of existing structures. In this regard, Borg
R.P. assessed the investigation carried out on a deteriorated concrete bridge structure in Malta.
The proposals for reinstatement were based on the investigation and the damage assessment,
and also on other criteria which were specific to the particular project. The proposed solution
included the demolition of the existing deteriorated bridge superstructure, and renewal of the
superstructure as a continuous 3-span cast in place box girder, together with the rehabilitation of
the substructure. Waste materials were considered for recycling, included in particular steel reinforcement, and concrete, which was considered for the production of recycled aggregate concrete. (Borg R.P., Assessment of a Bridge Structure, Demolition and Recycling of Materials.)
The use of metal such as light gauge steel materials and aluminium alloys, in innovative metal
systems is becoming more popular since both architectural and structural requirements can be
addressed. Efthymiou E. et al carried out a comparative study of the eco-efficiency of different
structural metal systems which are used in residential applications. The authors referred to the
sustainable use of light gauge steel frames and aluminum structural frame systems in dwellings.
The basic elements of the systems, range of applications and case studies are presented, with
particular reference to the environmental and economic performance. The environmental
performance was addressed through the application of a Life Cycle Analysis for the chosen systems, covering the production, transportation and execution of the structure. Conclusions with
respect to residential houses were presented. (Efthymiou E. et al, Eco-efficiency of light metal
structures in residential buildings.)
Engineered wood products can be produced on the basis of formed wood profiles, optionally reinforced with fibres and textiles, for structural purposes. The objective of the research presented
by Heiduschke A. et al was to discuss the load-carrying behaviour of light-weight timber columns with circular hollow cross section. Full-scale axial compression tests were conducted to
evaluate the performance of the profiles. Due to the high buckling strength, the tubes were capable of sustaining high axial loads. The tests demonstrated that the load-carrying capacity and
ductility of the timber profiles could be significantly enhanced by additional fibre reinforcement. Finite element models were developed on the basis of the experimental results, to simulate and analyse the load-carrying behaviour of the tubes and their failure mechanisms. The numerical models were calibrated and verified through the experimental data to assess their
reliability. The Life Cycle Assessment of the product indicated that due to the efficient use of
the material, formed wood and wood composite profiles have a lower environmental impact in
the production phase than comparable glulam elements. (Heiduschke A. et al, Mechanical Behaviour and Life Cycle Assessment of Fibre-Reinforced Timber Profiles).
Aerogel is a low-density solid-state material in which the liquid component of the gel has been
replaced with gas. The result is an extremely low density solid with several remarkable proper-
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ties, in particular its effectiveness as an insulator. The materials is semitransparent. The particular properties of the material including its low density, and low thermal conductivity lead to potential applications of the material in construction. Stoian V discussed the properties of aerogel,
and addressed the potential use of the material in construction. (Stoian V., et al, Aerogel a New
Performant Material to Increase the Energy Efficiency in Buildings.)
Stoian et al discussed the potential improvement of the global performance of constructions.
The authors addressed the initial and additional investmenets during the lifetime of the structure.
In this regard, Global Cost was addressed with respect to new construction, and also the rehabilitation of existing structures. (Stoian V., Life Cycle Cost Analysis and Eco-efficiency in
Buildings.)
Optimum comfort in the built environment is an important aspect that must be considered during the design phase. Optimum solutions depend on the choice of the right materials and suitable installations. Techniques for the improvement of the comfort in buildings, and techniques
for the improvement of the environmental performance of buildings and infrastructure are important issues of sustainable construction. The roof is an important element which contributes
towards the environmental performance of the building. Yilmaz Karaman O., et al compared
roof construction systems used in Turkey with respect to the selection of materials, sound
insulation, thermal insulation, and economic aspects. (Yilmaz Karaman O., et al, Examination
of different roof constructions that are widely in use in Turkey from the viewpoint of improvement of comfort in houses)
In order to establish guidelines for optimization of water management, G.Assefa addressed
effective water saving measures. Such measures were considered through a holistic approach
that focused on individual buildings, while considering a broader view of the urban areas. The
first step included the definition of a system boundary. Building types such as residential buildings, offices and other buildings (e.g. schools) were addressed. In the case of residential buildings unique features relating to building typology were accounted for. The downstream component of the wastewater systems was included. The basis of analysis adopted was the
optimization of the per capita use of water. The approach in identifying the areas of possible optimization was a need-based approach the core part of which consisted in the definition of water
use. For each area, relevant stakeholders were identified. Optimization at the level of the water
supply system, water distribution network as well as water saving fittings, were discussed. Social aspects were also addressed. (G.Assefa, Identifying Areas for Optimisation of Water Management at the Building and Urban Level)
The life cycle phases of a structure cover various aspects in the life time of a structure, including
the production of construction materials, construction activity, service life of the structure, and
its end of life. An integrated approach is necessary in the assessment of the impact of
construction materials and products, and structures on the environment. Sustainable
construction, leads to a more econmical use of finite raw materials, and reduction of waste
generated. Ongoing development of new materials and processes, and innovation in
construction technology are essential to address sustainability in construction.

3.3

Life Cycle Assessment of Concrete.
Ruben Paul Borg
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Concrete can be considered to be the most widely used building material in construction. The
concrete industry is usually regarded as a large consumer of natural resources. The quarrying,
processing and transport of aggregate, and the raw material necessary for the manufacture of
cement, consume considerable energy, and also affect adversely the ecology. The waste arising
from construction is also a relevant concern in the construction sector. The potential recycling
of waste materials, including recycled concrete, can lead to a reduction in the use of natural resources, and a reduction in the disposal of waste. Through recycling, the waste concrete can be
converted into a resource.
Various aspects need to be taken in consideration when assessing the potential production of recycled aggregate concrete (RAC). These include also; the assessment of the rheological, mechanical and durability properties of various types of RAC; investigation of the potential of the
utilization of RAC in the production of structural concrete; and comparative analysis of the environmental impact of natural aggregate concrete (NAC) and RAC.
In this regard, as a starting point, Marinkovic S. et. al. presented a life-cycle environmental impact assessment of natural aggregate concrete, produced in Serbia. The work did not take into
account the construction and service phase of the concrete life cycle. Most of the data for raw
material production, concrete production and demolition and transport was provided from local,
Serbian suppliers and manufacturers. The environmental impact categories studied in the work
were: energy use, Global Warming Potential (GWP), Eutrophication Potential (EP), Acidification Potential (AP) and Photochemical Oxidant Creation Potential (POCP). The analyses indicated that the production of cement is the main contributor to all the impact categories assessed.
It was also concluded that the contribution of transport can be significant, especially with regards to POCP and to a minor extent, to EP, which directly depends on the transport distances.
In order to address the overall environmental impact, all the life cycle stages of a structure need
to be taken into account, including the construction materials, construction activities, demolition
and dismantling, and recycling of waste materials and disposal. The end of life phase includes
also demolition, and recycling of waste materials.
A comprehensive investigation and a detailed assessment of damages are necessary, in the appraisal of existing structures. In this regard, Borg R.P. assessed the investigation carried out on a
deteriorated concrete bridge structure in Malta. The proposals for reinstatement were based on
the investigation and the damage assessment, and also on other criteria which were specific to
the particular project. The proposed solution included the demolition of the existing deteriorated
bridge superstructure, and renewal of the superstructure as a continuous 3-span cast in place box
girder. The proposed solution included also the rehabilitation of the substructure. Various waste
materials from the bridge structure were considered for recycling, included in particular the steel
reinforcement, and the concrete. Waste concrete arising from demolition was considered for the
production of recycled aggregate concrete (RAC).
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ABSTRACT: The paper presents a life-cycle environmental impact assessment of natural aggregate concrete produced in Serbia. In this work, the construction and service phase of the concrete life cycle were not analyzed, because they depended on the type of the structure. Most of
the data for raw material production, concrete production and demolition and transport were
provided from local, Serbian suppliers and manufacturers. The environmental impact categories
studied were: energy use, Global Warming Potential (GWP), Eutrophication Potential (EP),
Acidification Potential (AP) and Photochemical Oxidant Creation Potential (POCP). Performed
analysis showed that the production of cement is the main contributor to all studied impact categories. Only the contribution of transport can be significant, especially to POCP and to a minor
extent, to EP, which directly depends on the transport distances.
1 INTRODUCTION
Consumption of natural aggregate as a largest concrete component is constantly and rapidly increasing with increasing of the production and utilization of concrete. Today's world concrete
production is about 9.4 billion tons per year. But development and extraction of natural aggregate resources (primarily crushed stone, sand and gravel) are increasingly being constrained by
urbanization, zoning regulations, increased costs, and environmental concerns. On the other
hand, the construction waste from building demolition is increasing and it becomes a problem,
especially in urban areas. This situation leads to a call for replacing the natural aggregate with
recycled aggregate made from waste concrete.
Recycling represents one way to convert a waste product into a resource. It has the potential
to reduce the amount of waste disposed of in landfills, preserve natural resources, and provide
energy and cost savings while limiting environmental disturbance. As costs, regulations, landuse policies, and social acceptance of more sustainable natural resource practices have a greater
impact on the natural aggregates industry, increased aggregates recycling in urban areas is likely
to occur.
Recycled aggregates are commonly used in lower quality product applications such as road
base, where they compete favorably with natural aggregates in many local markets today. Despite all the research performed in this area, this material is presently often not considered for
higher quality product applications such as structural concrete, because of many performance
consideration.
For these reasons, a research project on recycled aggregate concrete (RAC) which includes
assessment of the rheological, mechanical and durability properties of various types of RAC,
investigation of the potential of the utilization of RAC in the production of structural concrete
and comparative analysis of the environmental impact of natural aggregate concrete (NAC) and
RAC is started in Serbia. This paper presents the research done so far on environmental impact
assessment of NAC.
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2 SCOPE AND LIMITATION OF THE WORK
The environmental impact assessment will follow the standard protocol of life cycle assessment
LCA (ISO 14040-14043, 2001).
2.1 Functional unit
In this work a functional unit of 1 m3 of concrete is used. This means that the time dimension
and service phase of the concrete (durability characteristics of concrete) are excluded.
2.2 System boundaries
The phases of the life cycle of different types of concrete included in this work are shown in
Figure 1. The production of admixtures is excluded. Also, the construction phase is excluded,
because the energy demand and emissions significantly depend on the type and kind of the concrete structure to be made. The impact from the production of machines and other equipment
used in the various processes is not included in this work. Further use of demolition products,
recycling, reuse or disposal of in landfill is out of the limits of this system. Only the environmental impact of the life cycle of natural aggregate concrete is presented in the paper.
2.3 Data
Most of the data for raw material production, concrete production and demolition and transport
are taken from local, Serbian suppliers and manufacturers. Emission data for diesel production
and consumption, natural gas distribution and transport that couldn't be collected for local conditions are taken from GEMIS data base (Oeko Institut 2008), for developing countries (generic
data). Data are taken from no earlier than year 2000, so the processes used in the production of
raw materials and production and demolition of concrete are based on recent technologies and
normal production conditions.

Figure 1. Life cycle of concrete

2.4 Environmental impact categories
The environmental impact categories included in this work are: energy use, Global Warming
Potential (GWP), Eutrophication Potential (EP), Acidification Potential (AP) and Photochemical Oxidant Creation Potential (POCP).
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3 LCI DATA - EMISSIONS
3.1 Electricity
Data for emissions from electricity production are taken from SimaPro data base for exYugoslavia (PRe Consultants 2007). About 70% of electricity in Serbia is produced in lignite
power plants, and about 30% in hydropower plants. The average emissions from electricity production in Serbia are shown in Table 1.
Table 1. Environmental load from average Serbian electricity
per MJ
Emissions to air, g
CO
0.03601
NOx
0.65895
4.92072
SOx
0.02159
CH4
283.932
CO2
0.00145
N2O
HCl
0.13355
HC
0.00115
NMVOC
0.00354
particles
0.59750

3.2 Coal
Data for emissions from coal production are taken from SimaPro data base for ex-Yugoslavia
(PRe Consultants 2007) and are shown in Table 2.
Table 2. Emissions from the production of 1 MJ of coal
Emissions to air, g
CO
0.01296
NOx
0.03715
0.05589
SOx
0.28089
CH4
4.77143
CO2
NMVOC
0.00958
particles
0.10357

3.3 Diesel
Emission data for the production and distribution of 1 MJ of diesel are taken from GEMIS data
base (Oeko Institut 2008) for oil refinery in developing countries - generic data. Direct emissions from usage in diesel motor are also taken from GEMIS data base for agricultural engines generic data, as it was considered that this was similar to usage in diesel motor of stone crusher
and dredge (excavator).
Table 3. Emissions from the production, distribution and usage of 1 MJ of diesel
Production and distri- Usage, stone crusher
Total
bution
and dredge
Emissions to air, g
SO2
0.18119
0.18733
0.36852
NOx
0.08549
0.96858
1.05407
0.02525
0.20986
0.23511
CO
NMVOC
0.02342
0.00307
0.02649
19.2817
73.9474
93.2291
CO2
0.08460
0.00307
0.08767
CH4
0.00062
0.00307
0.00369
N2O
particles
0.01772
0.08072
0.09844
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3.4 Natural gas
Emission data for the distribution of 1 MJ of natural gas are taken from GEMIS data base (Oeko
Institut 2008) for pipeline for national natural gas transport in developing countries - generic
data.
Table 4. Emissions from the distribution of 1 MJ of natural gas
Emissions to air, g
SO2
0.00436
NOx
0.01148
CO
0.00780
NMVOC
0.000856
2.50660
CO2
0.22633
CH4
0.000127
N2O
particles
0.000832

3.5 Transport
Cement is transported by heavy trucks from cement factory to concrete plant. River aggregate is
used in Serbia for concrete production most often and is therefore transported by medium-sized
ships. Ready-mixed concrete is transported in a liquid-concrete carrier, which is assumed to
have the same characteristics as a medium heavy truck. Emissions data for different transportation types are taken from GEMIS data base (Oeko Institut 2008) - generic data (for developing
countries). These data include emissions from production and distribution of diesel and direct
emissions from usage during transport and are presented in Tables 5, 6 and 7.
Table 5. Emissions from transport with heavy truck
Heavy truck
Unit
total weight
ton
total load
ton
diesel
l/100 km
energy demand
MJ/tkm
load factor
%
Emissions to air per tkm
SO2
g
NOx
g
CO
g
NMVOC
g
g
CO2
g
CH4
g
N2O
particles
g

40
27.8
44.1
1.13569
50
0.43094
0.98438
0,31885
0.12471
110.770
0.12386
0.00295
0.19327

Table 6. Emissions from transport with medium-heavy truck
Medium-heavy truck
Unit
total weight
ton
18
total load
ton
11.2
diesel
l/100 km
38.14
energy demand
MJ/tkm
2.44052
load factor
%
50
Emissions to air per tkm
SO2
g
0.91994
NOx
g
1.94070
CO
g
0.90267
NMVOC
g
0.49575
g
234.850
CO2
g
0.25300
CH4
g
0.007019
N2O
particles
g
0.18698
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Table 7. Emissions from transport with medium-sized ship
Medium-sized ship
Unit
size
ton
10,000.00
diesel
l/100 km
13.0249E+03
energy demand
MJ/tkm
0.46677
Emissions to air per tkm
SO2
g
0.17151
NOx
g
0.42677
CO
g
0.15542
NMVOC
g
0.07579
g
43.3880
CO2
g
0.04639
CH4
g
0.00129
N2O
particles
g
0.15205

4 LCI RESULTS
4.1 LCI data for the production of 1 kg cement - Lafarge Serbia
All the data regarding energy consumption and emissions for cement production are provided
by Lafarge cement factory in Beocin, Serbia (Senjak 2008, pers. comm.). Data are shown in Table 8.
Table 8. LCI data for the production of 1 kg of cement
Production
Production
Production
of cement
of coal
of natural
gas
Energy (MJ)
Coal
3.370140
Natural gas
0.083178
Diesel
0.024369
Electricity
0.507672
Emissions to air, g
CO
4.1400
0.04368
0.000649
NOx
1.8163
0.12520
0.000955
0.9557
0.18836
0.000363
SOx
0.97090
0.018826
CH4
700.30
16.0804
0.208494
CO2
0.000001
N2O
HCl
HC
NMVOC
0.03229
0.000071
particles
0.05910
0.34905
0.000069

Production
of diesel

Production
of electricity

Total

3.370140
0.083178
0.024369
0.507672
0.000615
0.002083
0.004415
0.002062
0.469878
0.000015
0.000571
0.000432

0.01828
0.33453
2.49811
0.01096
144.144
0.00074
0.06780
0.00058
0.00180
0.30333

4.203224
2.279068
3.646948
1.002748
861.2028
0.000756
0.067800
0.000580
0.034732
0.711981

4.2 LCI data for the production of 1 kg natural aggregate (river gravel) – Company
Hidrobaza, Serbia
In the extraction of the gravel a dredge is used for excavating the gravel and loading the ship,
and an elevator for unloading the ship (Pekez 2008, pers. comm.). The total consumption of diesel is 0.75 l/m3 of gravel, i.e. 0.0004125 l/kg of gravel (specific weight of gravel is 1818 kg/m3).
Diesel density: 0.840 kg/l. Energy content: 42.6625 MJ/kg, or 35.8365 MJ/l. Calculated diesel
consumption: 0.0004125x35.8365= 0.01478 MJ/kg of natural aggregate. Data are shown in Table 9.
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Table 9. LCI data for the production of 1 kg of natural aggregate (gravel)
Energy use (MJ)
Emissions to air (g)
Diesel
0.01478
SO2
NOx
CO
NMVOC
CO2
CH4
N2O
Total
0.01478
Particles

0.005447
0.015579
0.003475
0.000392
1.377926
0.001296
0.000055
0.001455

4.3 LCI data for the production of 1 m3 ready mixed concrete – Company Ratko Mitrović,
Serbia
For concrete production at concrete plant Sava in Belgrade only electricity is used. Average
production at this concrete plant is about 50,000 m3 of concrete per year. Average electricity
consumption is about 278,000 kWh per year (Tanaskovic 2008, pers. comm.). Calculated electricity consumption: 277,860/49.843=5.575 kWh/m3, or 3.6x5.575=20.06894 MJ/m3 of concrete. Data are shown in Table 10.
Table 10. LCI data for the production of 1 m3 of natural ready-mixed concrete
Energy use (MJ)
Emissions to air (g)
Electricity
20.06894
CO
NOx
SOx
CH4
CO2
N2O
HCl
HC
NMVOC
Total
20.06894
Particles

0.72268
13.2244
98.7536
0.43329
5698.21
0.02910
2.68021
0.02308
0.07104
11.9912

4.4 LCI data for the demolition of 1 m3 concrete - Company Susa, Serbia
Stone crusher is used for demolishing of concrete, with average consumption of diesel equal to
1l/t, i.e. 2.5 l/m3 of concrete (Susa 2008, pers. comm.). Diesel density: 0.840 kg/l. Energy content: 42.6625 MJ/kg, or 35.8365 MJ/l. Calculated diesel consumption: 2.5x35.8365= 89.59125
MJ/m3 of concrete. Data are shown in Table 11.
Table 11. LCI data for the demolition of 1 m3 of concrete
Energy use (MJ)
Emissions to air (g)
Diesel
89.59125
SO2
NOx
CO
NMVOC
CO2
CH4
N2O
Total
89.59125
particles

33.01617
94.43545
21.06380
2.267312
8352.512
7.854465
0.330592
8.819362

4.5 LCI data for transport of 1 m3 concrete
Cement is transported by heavy trucks from cement factory to concrete plant, river aggregate by
medium-sized ships and ready-mixed concrete by medium heavy truck. All transport distances
are estimated and shown in Table 12.
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Table 12. LCI data for transport per 1 m3 of concrete
Cement
Aggregate
Distance (km)
150
100
Transportation
Heavy truck
Medium-sized
ship
tkm
52.5
185.7
Energy (MJ)
59.62373
86.67919
Emissions to air (g)
SO2
22.62435
31.84941
NOx
51.67995
79.25119
CO
16.73963
28.86149
NMVOC
6.547275
14.07420
5815.425
8057.152
CO2
6.502650
8.614623
CH4
0.154875
0.239553
N2O
particles
10.14668
28.23569

Concrete
20
Medium-heavy
truck
50
122.026

Total

45.9970
97.0350
45.1335
24.7875
11,742.5
12.6500
0.35095
9.34900

100.47076
227.96614
90.734620
45.408975
25,615.077
27.767273
0.7453780
47.731370

268.32892

5 LCI INVENTORY TABLE
The amounts of component materials are chosen from the previous tests (Malesev et al. 2007)
and are shown in Table 13.
Table 13. Design amounts of concrete component materials
Aggregate
Water
Density
Concrete
Cement
(kg/m3)
(kg/m3)
(kg/m3)
mixture
(kg/m3)
R0
350
* tested on 15 cm cubes

1857

180

2387

Compressive
strength, 28
days (MPa)*
43.44

Slump after 30 min
(cm)
10.0

Table 14. shows the energy requirement and emissions to air for the life-cycle shown in Fig.1
of 1 m3 of ready-mixed concrete.
Table 14. Inventory table per FU (1 m3 of concrete)
Cement
Aggregate
Concrete
350 kg
1857 kg
1 m3
Energy (MJ)
Coal
1179.549
Diesel
8.529150
Natural gas
29.11230
Electricity
177.6852
Emission to air (g)
CO
1471.128
NOx
797.6738
1276.443
SOx
350.9618
CH4
30,1421.0
CO2
0.264600
N2O
HCl
23.73000
HC
0.203000
NMVOC
12.15620
particles
249.1934

27.44646

Demolition
1 m3

Transport
1 m3

89.59125

268.32892

21.06380
94.43545
33.01617
7.854465
8352.512
0.330592

90.734620
227.96614
100.47076
27.767273
25,615.077
0.7453780

2.267312
8.819362

45.408975
47.731370

20.06894
6.453075
28.93020
10.11508
2.406672
2558.809
0.102135
0.727944
2.701935

0.72268
13.2244
98.7536
0.43329
5698.21
0.02910
2.68021
0.02308
0.07104
11.9912

Total

1179.549
393.8958
29.11230
197.7541
1590.102
1162.230
1518.798
389.4235
34,3645.6
1.471805
26.41021
0.226080
60.63147
320.4373

6 LIFE CYCLE IMPACT ASSESSMENT
The impact categories studied in this work are: energy use, Global Warming Potential (GWP),
Eutrophication Potential (EP), Acidification Potential (AP) and Photochemical Oxidant Creation
Potential (POCP).
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6.1 Energy use
Energy use is expressed as cumulated energy requirement in the life-cycle of 1 m3 of concrete,
with system boundaries as defined in chapter 2.
6.2 Global Warming Potential (GWP)
Global Warming Potential (GWP) or the greenhouse effect is the effect of increasing temperature in the lower atmosphere. A part of the radiation from the sun is normally reflected by the
soil surface, but the content of carbon dioxide and other “green-house” gasses in the atmosphere
reflects the radiation resulting in an increase of temperature in the lower atmosphere to a level
above normal.
The potential global warming or greenhouse effect is normally quantified by using global
warming potentials (GWP) for substances having the same effect as CO2 in reflection of heat
radiation. GWP for greenhouse gasses are expressed as CO2-equivalents i.e. their effect is expressed relatively to the effect of CO2. GWPs are normally based on modeling and are quantified for time horizons of 20, 100 or 500 years for a number of greenhouse gasses: carbon dioxide CO2, methane CH4, nitrogen dioxide NO2, chlorofluorocarbons CFC, HCFCs, HFCs and
other. GWPs for some of the greenhouse gasses are shown in Table 15, (Jensen at al. 1997).
The potential global warming or greenhouse effect of a process is estimated by calculating
the product of the amount of emitted greenhouse gas per functional unit of produced material
and the potential for greenhouse effect given in g CO2-equivalents per g for each gas. Finally,
the contribution to the potential global warming from each gas is summarized:

GWP( gCO2 − eq.) = ∑ GWPi × mi

(1)

i

Table 15. GWP given in g CO2-eq./g gas
Substance
Formula
Emissions to air
Carbon dioxide
CO2
Methane
CH4
Nitrogen dioxide
NO2
Trichloromethane
CHCl3

GWP, 20 years

GWP, 100 years

GWP, 500 years

1
62
290
15

1
25
320
5

1
7.5
180
1

6.3 Eutrophication Potential (EP)
Eutrophication of aquatic and terrestrial ecosystems can be caused by surplus nitrogen, phosphorus and degradable organic substances. It can be defined as enrichment of aquatic ecosystems with nutrients leading to increased production of plankton algae and deterioration of the
water quality. The effects of eutrophication of terrestrial ecosystem are seen on changes in function and diversity of species in nutrient poor ecosystems as heaths, dune heats, raised bogs, and
they are caused by atmospheric deposition of nitrogen compounds. The eutrophication can be
expressed as PO4-3-equivalents, Table 16, (Jensen at al. 1997).
Table 16. Eutrophication potentials (EP) in g PO4-3-eq./g
Substance
EP
g PO4-3-eq./g
Emissions to air
N
0.42
NOx
0.13
0.35
NH3
Emissions to water
N
0.42
NO3
0.1
0.33
NH4
P
3.06
COD
0.022
1
PO4-3
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The eutrophication potential of a process is estimated by calculating:

EP( gPO4−3 − eq.) = ∑ EPi × mi

(2)

i

6.4 Acidification potential AP
Acidification is caused by releases of protons in the terrestrial or aquatic ecosystems. In terrestrial ecosystem the effects are seen in softwood forests (e.g. spruce) as inefficient growth and as
a final consequence dieback of the forest. In the aquatic ecosystem the effects are seen as acid
lakes without any wildlife. Buildings are also damaged by acid rains. Substances are considered
to have an acidification effect if they result in supply or release of hydrogen ions (H+) in the environment, or leaching of the corresponding anions from the concerned system. Following substances should be considered: SO2, NOx, NH3 and HCl, but also others having proton releasing
effect (other sulfur compounds and other acids). The acidification potential can be estimated as
SO2 equivalents, and AP for acidifying substances are given in Table 17, (Jensen at al. 1997).
The potential acidification effect of a given process is estimated by summarizing the acidification potentials for the actual substances:

AP( gSO2 − eq.) = ∑ APi × mi

(3)

i

Table 17. AP given in g SO2-eq./g acidifying substances
Substance
Formula
AP
g SO2-eq./g
Emissions to air
Sulfur dioxide
SO2
1
Sulfur trioxide
SO3
0.8
0.7
Nitrogen dioxide
NO2
Nitrogen oxide
NO
1.07
Hydrogen hloride
HCl
0.88
1.88
Ammonium
NH3

6.5 Photochemical oxidant formation POCP
Photochemical ozone formation ("smog" as a local impact and "tropospheric" ozone as regional
impact) is caused by degradation of organic compounds (VOC) in the presence of light and nitrogen oxide (NOx). Exposure of plants to ozone may result in damage of the leaf surface, dieback of leaves and finally the whole plant. Exposure of humans to ozone may result in eye irritation, respiratory problems and chronic damage of the respiratory system.
The photochemical ozone formation can be quantified by using photochemical ozone formation potentials (POCP) for organic compounds. POCP's for organic compounds are expressed as
ethen (C2H4) equivalents i.e. their impacts are expressed relative to the effect of C2H4. If the inventory data do not make it possible calculating total POCP based on weighting factors due to
lack of information on the composition of VOCs, it is suggested that the data be aggregated in
the following subcategories:
− Nitrogen oxides NOx
− Hydrocarbons (HC) or volatile organic compounds (VOCs)
− Carbon monoxide (CO)
− Methane (CH4)
POCPs for these substances are given in Table 18, (Jensen at al. 1997).
Table 18. Photochemical ozone creation potentials (POCP) given in g C2H4-eq./g
Substance
POCP
g C2H4-eq./g
Emissions to air
C2H4
1
CO
0.032
0.007
CH4
0.409
VOC (HC), average
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The photochemical ozone creation potential of certain processes is estimated by summarizing
the POCP's for the VOCs and other relevant substances:

POCP ( gC 2 H 4 − eq.) = ∑ POCPi × mi

(4)

i

Calculated impact categories per functional unit (1 m3 of concrete) and life cycle of concrete
explained in chapter 2, are shown in Table 19.
Table 19. Impact categories per FU (1 m3 of concrete)
EP
Impact cateEnergy use
GWP-100
g PO4-3-eq./g
gory
MJ
g CO2-eq./g
Cement
1394.876
310,195.04
103.698
Aggregate
27.446
2618.98
3.761
Concrete
20.069
5709.04
1.719
Demolition
89.591
8548.87
12.277
Transport
268.329
26,309.26
29.636
Total
1800.311
353,381.19
151.091

AP
g SO2-eq./g
1855.697
30.366
110.369
99.121
260.047
2355.60

POCP
g C2H4-eq./g
54.505
0.521
0.055
1.656
22.620
83.357

7 DISCUSSION AND CONCLUSION
The following figures show the contribution of various phases in concrete life-cycle to studied
impact categories.
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Figure 2. Contribution of concrete life-cycle phases to energy use
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Figure 3. Contribution of concrete life-cycle phases to global warming potential
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Figure 6. Contribution of concrete life-cycle phases to POCP

The production of cement is the main contributor to all studied impact categories. It causes
approximately 77% of the total energy use, 88% of the total GWP, 69% of the total EP, 79% of
the total AP and 65% of the total POCP. The main reason for such a situation is a large CO2
emission during the calcination process in the clinker production and the fossil fuel usage. The
contribution of the aggregate and concrete production and demolition is very small. But the contribution of transport can be significant, especially to POCP and to a minor extent, to EP. As
there is a linear relationship between transport distances and environmental impact, transport
can prevail the impact of cement production for larger distances than estimated in this study.
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Possible way to reduce such a large impact of cement production is to replace a part of the
clinker mineral with blust furnace slag or flying ash. Also, the replacement (at least, partial) of
fossil fuels with renewable flues will reduce CO2 emission. Both procedures are already in use
in cement industry in many European countries and Serbia as well.
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Assessment of a Bridge Structure,
Demolition and Recycling of Materials.
Ruben Paul Borg
Faculty of Architecture & Civil Engineering
University of Malta, Malta

ABSTRACT: In the appraisal of deteriorated structures, a comprehensive investigation and a
detailed assessment of damages are necessary. Intervention options, proposed for rehabilitation
or reconstruction, must be based on the assessment of the structure, and on various factors, including constraints specific to the project. An investigation was carried out on a deteriorated
concrete bridge structure in Malta. The investigation was followed by an assessment of damages. The proposals for reinstatement were based on the damage assessment, and also on other
criteria which were specific to the particular project. The proposed solution included the demolition of the existing deteriorated bridge superstructure, and renewal of the superstructure as a
continuous 3-span cast in place box girder, together with the rehabilitation of the substructure.
Various waste materials were considered for recycling, including in particular the steel reinforcement, and the concrete.

1 INTRODUCTION
A comprehensive investigation and a detailed assessment of damages, are necessary in the appraisal of existing deteriorated structures. Proposed intervention options for rehabilitation or
reconstruction, must be based on the assessment of the structure, and on a range of relevant factors including constraints specific to the site and the project.
An investigation was carried out on a deteriorated concrete bridge structure in Malta. The investigation of the bridge structure, and assessment of the damage were commissioned by the
Malta Transport Authority and completed in 2005 (KHP, 2005). The proposals for reinstatement were based on the damage assessment, and also on other criteria which were specific to
the particular site and project. The bridge was reinstated, and works were completed in 2008.
The proposed solution included the demolition of the existing deteriorated bridge superstructure, and the reconstruction of the superstructure as a continuous 3-span cast in place box
girder. The proposed solution included also the rehabilitation of the substructure. Various waste
materials from the bridge structure were considered for recycling, included in particular the
steel reinforcement, and the concrete. The waste concrete was considered for the production of
recycled aggregate concrete.

3.17

The life cycle phases of a structure cover various aspects in the life time of a structure, including the production of construction materials, construction activity, service life of the structure,
and its end of life. The end of life phase includes also demolition and dismantling, and recycling of waste materials and disposal. A major challenge in construction concerns the potential
for recycling and reuse of waste materials arising from the demolition of structures.
2 DESCRIPTION OF THE STRUCTURE: THE EXISTING BRIDGE.
The Manuel Dimech Bridge forms part of the TEN-T Network in Malta. The Bridge is located
on Route No. 1, Mikiel Anton Vassalli Road. It was built between 1967 and 1971 across the
Wied Ghomor valley and over two roads running on the sides of the valley. Two separate similar bridge structures were built, one for each carriageway. The superstructures were generally
parallel one to the other in plan, with the western superstructure having a lateral offset of about
6m from the eastern superstructure, in the southern direction.
The bridge structure consisted of a gerber girder construction. The edge spans as well as the
cantilever beams of the mid span consisted of prestressed triple-celled box girders haunched at
the location of the intermediate supports, and made of cast in-situ concrete. Five precast
prestressed concrete beams were hung in-mid span. The edge spans were 36.9 m long while the
mid span was 54.9 m long. The cantilever length of the box girders in mid span was 9.15 m on
either side, such that the remaining span between the gerber hinges was 36.6 m. The minimum
construction height of the triple-celled box girder was 1.98 m, and the maximum construction
height was 2.75 m. The webs were 25 cm thick which widened towards the intermediate supports. Vertical stiffening plates were located at each third of the edge spans. The construction
height of the suspended precast elements in mid span was 1.98 m; the bottom chord width was
76 cm and the top boom width was 66 cm; the web thickness was 18 cm. The precast beam
elements were also combined by plates provided at each third of the span and at the supports, as
well as by the cast in place reinforced concrete deck.

Figure 1; Manuel Dimech Bridge Structure, Malta. (2006)
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Figure 2; Longitudinal section of the Bridge Structure.

Figure 3; Transverse Section of the Bridge Superstructure.
The clearance between the kerbs of each carriageway was 9.15 m, and the carriageway of the
edge spans varied. The structure was elastically supported. The superstructure was reported to
be supported underneath the webs; 4 bearings were located at each of the axis of the abutments
and piers; 5 bearings were located at each location of the gerber hinges. The bearings consisted
of reinforced elastomer bearings at the abutments (Dimensions; 60/30/5 cm) at the piers (Dimensions; 90/50/5 cm) and underneath the precast beams (Dimensions; 30/3 cm).
The superstructure was entirely prestressed in the longitudinal direction. The prestressing steel
tendons were reported to consist of 12 or 36 wires of 7 mm diameter each of steel grade
1550/1750. It was further reported that each 3 of them were anchored by a wedge. On either
side of the piers 2 tensioning recesses were situated underneath each web in the bottom slab.
The suspended beams were each prestressed by 8 prestressing tendons; 4 tendons of 36 wires D
= 7 mm and 4 tendons of 12 wires D = 7 mm each were provided. The tensioning recesses for
the 36-wire-tendons were located in the enlarged beams ends. The tensioning recesses for the
12-wire-tendons were located in the top boom, underneath the subsequently poured deck.
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The abutments consisted of gravity walls, and the piers were designed as hammer head piers.
Both abutments and piers had shallow foundations, on rock. Each superstructure had 4 expansion joints, 2 at the abutments and 2 at the gerber hinges. In elevation the bridge was located in
a trough. In plan view the superstructures both had radii in the same orientation, of 377 m (west
bridge) and 355 m (east bridge). It was reported that the eastern superstructure sloped in the
eastern direction, and the western superstructure sloped in the western direction, therefore affecting driving unfavourably. Both superstructures were provided with a gravity surface drainage. No maintenance measures to the bridge had been reported or recorded since the date of
construction.

3 INVESTIGATION OF THE BRIDGE STRUCTURE.
3.1 General.
A comprehensive inspection and investigation of the structure of the old bridge superstructure
and substructure were carried out, intended primarily to assess its structural integrity, and to
serve also as the basis for a decision as to whether the bridge structure should be rehabilitated
or entirely or partially reconstructed (KHP, 2005).
It was reported that specific structural components such as the inner surface of the box girder
and the bearing areas of the precast beams were not accessible. This was a relevant observation
when referring to the assessment of damage reported.
The old bridge structure exhibited various signs of damage, particularly spalling of concrete
and exposed corroding reinforcement in both the superstructure and the substructure. The longitudinal gradient was discontinuous in the location of the gerber joints.
The inspection of the old bridge structure was reported to have been carried out in accordance
to the requirements of DIN 1076 - Highway Structures, Testing and Inspection (DIN 1076,
1999).

3.2 The Bridge Superstructure.
Further to an assessment of the construction joints in the structure, it was reported that the two
edge span box girder beams had been constructed by first casting the bottom slab, followed by
the webs and finally the deck. The mid span consisted of five precast beam together with the
bridge deck and the transverse beams at the supports and at each third of the span.
The superstructure was reported to be in a generally bad condition, and the concrete quality varied in different parts of the superstructure. Whilst most parts of the superstructure had a dense
and compact structure, there were other parts with a high concentration of voids, which increased the porosity. It was reported that pockets with a high concentration of coarse aggregates
were formed during the construction phase of the superstructure.
Two types of cracks were reported. Most of the cracks indicate the concrete shell borders, and
are a result of the corrosion of reinforcement, and the increase in volume of the corroded reinforcement. The other type of cracks in the superstructure were reported in the area of the abutment bearings, resulting from restraint forces. No cracks resulting from flexure or shear forces
were reported. Defects resulting from Alkali Silica Reaction were not reported. Other defects
reported included widespread spalling of the concrete and exposed reinforcement, with loss of
cross-section in the main bars and also in the web reinforcement. The most severe damage was
reported in the bottom surface of the bridge deck.
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The leaking expansion joints at the hinges resulted in water percolating into the structure. The
hinges were not accessible and the damage could not be identified. Nevertheless moisture at the
hinges had resulted in the growth of vegetation. The decks of the bridge have been reported to
have a high water-permeability. The superstructure was extensively damaged especially at the
joints. There were wide opened cracks at the deck cantilever, with part of it broken off.

3.3 The Bridge Substructure.
The abutments and piers were damaged in various areas. However no defects due to static overloading were identified. The damage reported was similar to that of the superstructure. Cracks
in the surface of the concrete indicated the concrete shell borders. Excessive carbonation depths
and extensive areas of concrete spalling were reported. Parts of the exposed reinforcement had
a loss of cross-section of up to 10 to 30%. Traces of water percolation at the abutments were
due to the leaks in the expansion joints. The support beams of the bearings at the abutment, and
the box walls were reported to be badly damaged. Extensive concrete spalling was also present
in the hammer-head of the southern pier of the west lane.

3.4 The Bridge Equipment.
The deficiencies and damages detected in equipment components (deck surfacing, shoulders,
railing, drainage, expansion joints) were reported to be the result of a lack of maintenance and
repair. These components were reported to have reached the end of their usual service life,
since they are designed to be replaced at certain intervals.
Bearings.
Defects in the bearings were attributed to two main reasons; defects in their fabrication, and defects in execution. The box girders were cast in-situ, and due to an imprecise positioning during
construction, in some instances, the elastomer bearings were reported to be partially cast in the
substructure and superstructure concrete. The bearings could not deform over their full height,
and it was reported that this resulted in differential shear deformations across the width of a
bearing, leading to constraints within the bearing. The elastomer bearings at the hinges below
the prefabricated beams were reported to be eccentrically loaded, with high edge pressures. At
the abutments the restraint forces were reported to have led to damaged bearing bases. Some
elements intended for the prevention of horizontal deformations of the superstructure in the
transverse direction due to earthquake action, were damaged.
Expansion Joints.
Parts of the expansion joints were reported to be non-functional, since they could not deform.
The expansion joints above the hinges were covered with asphalt, whilst at the northern abutments no joints were present in the shoulders. In general the edges of the cover surrounding the
expansion joints was broken off and the material was worn out.
Road Surface.
The asphalt road surface was cracked in various areas of the bridge deck, but particularly at the
expansion joints.
Shoulders and Parapets.
The shoulders formed part of the superstructures construction, and where characterised by large
areas of concrete spalling and exposed reinforcement. The parapets also formed part of the superstructure, and various areas were badly damaged or missing.
Crash barriers.
Parts of the crash barriers were damaged and non-functional.
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Water drainage systems.
Two water drainage systems were reported; one system draining off the surface water and the
other one draining off the water percolating into the structure. Both systems were nonfunctional due to lack of maintenance, and the outlets were completely blocked. The pipes were
badly corroded and in some cases they did not extend below the structure surface resulting in
water flowing around the pipe instead of dripping out. In one particular case the water from the
inside of the deck structure was drained directly onto the head of the pier.

3.5 Testing of Materials; Methodology.
Various tests were carried out in order to obtain the necessary information on the bridge materials. The tests included the following;
§
§
§
§
§

concrete compressive strength of superstructure and substructure, on concrete cores,
identification of the properties of both reinforcement steel and pre-stressing steel, using
specimens extracted from the superstructure and substructure,
determination of the depth of carbonation of the superstructure and substructure,
determination of the chloride content of the superstructure concrete,
determination of the concrete compressive strength of superstructure and substructure
using the impact method (Schmidt-Hammer).

The compressive strength of concrete was determined from the testing of the extracted cores.
Core samples were extracted with a diameter of 104 mm and a length of about 30 cm. The central part of the cores with a height of 104 mm was used for the specimens.
Reinforcement steel samples from the substructure, and reinforcement and prestressing steel
samples from the superstructure were taken to determine the yield strength and the tensile
strength. In obtaining the reinforcement steel samples the concrete cover was removed while for
the prestressing steel two recesses of prestressing tendon anchorages were opened.
The determination of carbonation depth was performed by spraying with 0,1% phenolphthaleinsolution, on a freshly fractured concrete surface. The tests were performed on the concrete
cores in the laboratory and on site. The determination of the chloride ions content was performed by collecting the drilling dust and testing it by the Aquaquant method (Merck Ltd,
Germany). The concrete compressive strength (surface strength) was also determined by the
rebound hammer. The compressive strength values measured by the Schmidt-Hammer method
were higher than the results of compressive strength obtained from core testing, because of carbonation.
3.6 Testing of Materials; Results.
Concrete
Compressive strength: The compressive strength resulting from the core tests led to a value
of 40,0 / 0,85 = 47 N/mm² for the superstructure and to a value of 27,0 / 0,85 = 32 N/mm² for
the substructure. The concrete densities were reported to be 21,7 kN/m³ and 21,6 kN/m³ respectively. The compressive strength measured by Schmidt-Hammer method at the surface gave
higher values. The compressive strength values indicated in the Bridge construction drawings
were reported to be 35 N/mm² for the superstructure and 17,5 N/mm² for the substructure.
Carbonation depth:
The carbonation depth of the substructure concrete was reported at
an average value of 43 mm, and reached a maximum of 49 mm. In the superstructure concrete
the values were limited to an average value of 24 mm and a maximum value of 28 mm. The excessive carbonation depths were reported to be possibly due to a high water / cement ratio.
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The density of the concrete was relatively low. The concrete cover to the reinforcement was reported to be between 4 to 5 cm in the substructure and the superstructure. In various areas however the concrete cover was reported to be 2 or 3 cm. The alkaline conditions which provide
protection to the steel from corrosion, are neutralized by carbonation of the concrete. This results in corrosion of reinforcement, and spalling of concrete.
Chlorides:
The concrete taken from all over the superstructure was reported to
be highly contaminated by chloride ions. Limiting values of 0.5% of the cement content recommended for reinforced concrete structures, and 0.2% recommended for prestressed concrete
structures, were reported with reference to German Guidelines. The measured chloride content
of 1.2% reported, exceeded these limits. Excessive Chloride content leads to pitting corrosion
of the reinforcement.
Steel
According to the test results the reinforcement steel was reported to be St 420/600 [N/mm²],
and the prestressing steel was reported to be St 1550/1750. The quality of the presstressing steel
was reported to possibly indicate that there was no risk of stress induced cracking corrosion.

4 ASSESSMENT OF THE DAMAGE.
The damage which was reported following the investigation of the structure, indicated a number of concerns with regards the structural integrity, durability of the structure, and traffic
safety. The main concerns include those summarised below, which however need to be considered also with respect to the associated structural implications (KHP, 2005).
§ The effect of carbonation of the concrete, high chloride content, resulting in steel corrosion, loss in steel reinforcement cross section, and spalling of concrete.
§ Areas with a high concentration of coarse aggregate on the surface of the concrete.
§ Water penetration into the box girders of the edge spans, causing corrosion of reinforcement and prestressed steel. Since the box girder was not accessible, the extent of
the damage caused by corrosion to reinforcement and prestressed steel in the box girder
was reported to be unknown. This was considered to be a risk with regards to the structural safety of the bridge.
§ Damage of the bearings, which were partly damaged, and not performing their intended
function. The bearings were in part, cast in the concrete, and therefore, the designed deformable height was essentially reduced.
§ The bearings at the hinges were eccentrically loaded. Bearing areas of the hinges were
inaccessible.
It was reported that the load bearing capacity of the structure was not immediately threatening,
but could become critical over the years. It was further reported that following the initialisation
phase, the damages were expected to increase in magnitude and extent, and affect the structural
integrity of the bridge.
The concrete carbonation, and high chloride content, together with the damaged bearings, have
a negative impact on the durability requirements of the bridge structure. The deteriorated bridge
components (deck surfacing and sealing, shoulders, crash barriers and railing, drainage system,
expansion joints, lighting) were considered to have reached the end of their service life.
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Traffic safety was considered critical since the crash barriers and the parapet wall cast with the
shoulders were considered to be inadequate safety barriers. The sharp angles of the longitudinal
gradient were considered to create a risk to traffic safety because of the shocks imposed on
crossing vehicles. Such risk was considered to be intensified because of defective expansion
joints. Another risk reported referred to the connecting roads at 90° to the main road, without
accelerating lanes, south of the bridge.
5 PROPOSALS FOR REINSTATEMENT.
5.1 General Considerations.
Several possible options for intervention on the bridge structure could be considered, ranging
from repair and strengthening, to the reconstruction of the bridge. The proposals for the reinstatement of the bridge depended on the assessment of the damage carried out, and also on
boundary conditions which included economic considerations, timeframes for a reinstatement
intervention, and traffic considerations. In particular it was required to retain one of the superstructures open to traffic during reinstatement works. Hence the criteria adopted for the selection of the options for reinstatement were influenced by specific requirements (KHP, 2005).
5.2 The Bridge Superstructure.
The potential rehabilitation of the existing superstructure was not favourably considered, on the
basis of the assessment of the damage and also due to a number of uncertainties, particularly related to the rehabilitation process. Furthermore rehabilitation was not considered to be economically feasible. It was reported that additional rehabilitation and renewal interventions over
the years, need to be taken into account. The implementation of effective maintenance plans
was another important consideration. Furthermore, the eventual life span of the rehabilitated
structure, would have been less than that of a new structure. On the basis of the assessment, the
reconstruction of the bridge superstructure was considered to be more economically feasible.
Various options for the reconstruction of the bridge superstructure were considered, taking into
consideration the specific constraints. Further to the assessment of the different options, it was
finally proposed to demolish the existing superstructure and to replace it with a 3-span cast in
place concrete box girder. The new bridge was designed to address the various design requirements. The box girder solution proposed was adapted to the curvature of the bridge and to the
width of the carriageway. Furthermore the longitudinal profile proposed was haunched over the
piers, leading to an arched form shape at mid-span. The box girder was projected to allow for
inspected from within such that arising damage could be detected at an early stage. The proposed single cell box girder proposed was not expected to create any additional loading on the
substructure.
5.3 The Bridge Substructure.
The option for the rehabilitation of the substructure was favourably considered with respect to
alternative options, in view of time constraints and economic considerations. It was proposed to
rehabilitate the substructure, through the removal of the carbonated cover, using high pressure
water jetting, and applying a 10cm shotcrete layer. The proposed solution included new reinforcement, particularly in view of missing reinforcement bars, and also potential strengthening
of the substructure. Several additional works to the substructure were included to accommodate
changes in the bearing positions. The proposal referred to the base of the superstructure box
girder cross section, which was reduced, leading to a reduction in the pier head cantilever bending moments. The remaining projecting ends were utilised for the lateral horizontal stops. Additional works included the construction of the new supporting beams on top of the abutments. In
general the elevation line of the bridge superstructure was altered and improved, whilst retaining the existing heights at the ends of the bridge. The spans of the old bridge structure were retained.
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6 DEMOLITION OF THE EXISTING BRIDGE.
In demolition of existing reinforced concrete structures, various issues need to be taken into
consideration. The state and condition of the structure needs to be assessed prior to demolition.
However other aspects need to be considered, which also include; safety, environmental impact,
economic considerations and other constraints. Various removal methods for concrete and different equipment are referred to in practical applications. Alternative methods of removal have
advantages and also limitations, and are suited for different applications and circumstances.
Therefore the suitability of the solutions adopted needs to be assessed. Surface removal methods are considered in the case of various new and old structures, and are normally associated
with corrections to alignment defects, or surface preparation in view of subsequent treatments.
(ACI Committee 555, 2002)
The composition and quality of the original concrete are important in determining the recycling
potential of a concrete structure. The separation of different qualities of original concrete is
necessary. Adequate measures need to be considered for the effective separation of steel reinforcement from concrete (Hansen, 1986).
In the demolition of the bridge superstructure, a scaffolding erected over the whole length of
the bridge was proposed. This was intended to simplify the demolition process. The demolished
material could be laid down on the underlying scaffolding, resulting in a relatively quick demolition process. Furthermore the scaffolding system could be used at a later date to support the
formwork of the new superstructure box girder.
Blasting of the superstructure was not considered in view of existing adjacent buildings at the
North end of the bridge, and also in view of potential damage to the existing piers, abutments
and the adjacent bridge structure.
Demolition of the existing bridge was carried out in two phases, to allow for continued traffic
flow on the second bridge while the first bridge was being demolished. The performance of the
structure during demolition was taken into consideration throughout the different phases of
demolition.

Figure 4; Reinforced Concrete elements resulting from demolition of the Bridge. (2006)
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The bridge equipment was removed in the preliminary phase. The bridge structure was cut in
pieces of varying sizes, depending on weight and location within the structure. In particular
diamond wire and saw cutters were utilised to cut the existing bridge in pieces, in accordance to
a pre-established demolition plan. The bridge elements were then lifted away. Mechanical
equipment was further utilised to break the concrete bridge elements into smaller elements. The
main tasks at demolition stage included also the separation of the steel from the concrete, and
the crushing of the concrete.
Hydro-demolition was used for the surface removal of concrete in the substructure of the
bridge, in view of the rehabilitation exercise.
7 RECYCLING & PRODUCTION OF RECYCLED CONCRETE AGGREGATE.
In the production of recycled concrete aggregate, it is important to assess the aggregate production criteria, including plant and equipment and environmental issues, and the quality of the recycled aggregates. In the production of recycled aggregate concrete (RAC), it is necessary to
assess, mechanical properties of RAC, durability of RAC, the properties and mix design of
fresh RAC, and production of RAC. In producing recycled aggregate and recycled aggregate
concrete, it is also important to assess energy and economic aspects (Hansen, 1986 & ACI
Committee 555, 2002).
Various waste materials from the bridge structure, were considered for recycling, including in
particular the steel reinforcement, and the concrete. Large concrete elements were broken into
smaller elements, which could eventually be crushed for the production of aggregate for concrete. The assessment of various engineering properties of the recycled concrete aggregate was
considered necessary for classification, and for eventual use of the product in concrete mixes.
The main concerns associated with the recycling of the concrete included the extra effort and
expenses incurred in the additional tasks associated with the recycling of the materials. These
tasks included the separation of the steel from the concrete, the breaking of the concrete into
smaller pieces, the crushing of the aggregate, the elimination of potential contaminants and impurities, transport of the material, the assessment of the material properties, preparation of concrete mix designs using recycled concrete aggregate. An assessment of the recycled concrete
aggregate properties is required, in view of material classification and certification criteria.
The main advantages considered included the benefits of reduction in waste disposal, the reuse
of a waste material following adequate assessment and classification, and also the reduction in
the need of new aggregate resources for the production of concrete. In general the concrete
originated from a single project, with reinforced concrete being the predominant construction
material. In general the production of recycled concrete which is rendered free from impurities
and foreign matter, leads to an improved classification, and better control of the quality and
characteristics of the material.
8 LIFE CYCLE ASSESSMENT.
The structure in service phase, is a significant contributor to the life cycle impacts of structures.
However in order to address the overall environmental impact, all the life cycle stages of a
structure need to be taken into account, including the construction materials, construction
activities, demolition and dismantling, and recycling of waste materials and disposal.
The disposal of waste material resulting from the demolition and dismantling of structures is a
major issue in construction. Environment friendly building materials generally meet the objective of reducing the consumption of non-renewable resources, and pollution throughout their
life cycle. In this regard, secondary materials from demolition and recycling of waste materials
are particularly relevant.
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The potential recycling of building waste material should be assessed with respect to technical
and economic feasibility. However it is also necessary to assess the sustainability of recycling
building waste, from the energy and environmental point of view. A comprehensive life cycle
assessment should also allow for the end of life phase, including the demolition of the structure,
and waste material recycling. It is important to assess the extent of use of waste materials as a
resource, and the potential replacement of new materials. The recycling potential of construction materials needs to be assessed in view of the demolition stage of a structure, and particularly with respect to design for dismantling.
9 CONCLUSION
A thorough investigation and a detailed assessment of damages are required in the appraisal of
deteriorated structures. Proposed options for rehabilitation or reconstruction have to be based
on the assessment of the structure, and on a range of factors, including limitations specific to
the project.
An investigation was carried out on a deteriorated concrete bridge structure in Malta, followed
by an assessment of damages. The proposals for reinstatement of the bridge structure were
based on the damage assessment, and also on other criteria which were specific to the particular
project. The solution proposed included the demolition of the existing bridge superstructure,
and reconstruction of the superstructure of the bridge as a 3-span cast in place box girder. The
proposal included also the rehabilitation of the bridge substructure.
The demolition of the bridge superstructure was carried out in accordance to a demolition plan.
Various waste materials were considered for recycling, including in particular the steel reinforcement, and the concrete. The waste concrete from the bridge structure, was considered for
the production of recycled aggregate concrete.
The life cycle assessment should include the end of life phase, taking account of the demolition
of the structure, and waste material recycling. The recycling potential of construction materials
is particularly relevant with respect to the demolition of structures, and in view of design for
dismantling, and design for reuse and recycling.
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ABSTRACT: In the present paper, a comparative study of the eco-efficiency of different structural metal systems used in residential applications is presented. In the latest years the use of
newly introduced metals such as light gauge steel materials and aluminium alloys along with
their innovative systems is becoming more and more popular, as they cover both the architectural and the structural demands. This research activity aims at investigating the cases of light
gauge steel frames and aluminum structural frame systems used in dwellings in terms of sustainability. In both cases, their basic elements are described, whereas their application range and
different realized examples are presented. Special emphasis has been given to the sustainability
performance of the two systems taking into account all parameters that determine and influence
the overall performance of these frame structures regarding environment and economy. The latter are studied by applying sustainability software and implementing an LCA analysis for the
two chosen systems, covering the production, transportation and execution of the structure. For
most important eco-indicators the inputs are calculated, and useful conclusions about their ecoefficiency in the field of residential houses are presented.
1 INTRODUCTION
The complexity of the transformations that involved the building sector in last century has defined the passage from a practice based on the “rules of the art” to a problematic but profitable
confrontation with the manifold possibilities offered by new materials and new techniques. In
the latest years the use of newly introduced light gauge metals such as stainless steel profiles
and aluminium alloys along with their innovative systems is becoming more and more popular,
as they cover both the architectural and the structural demands. The research carried out
throughout the years and the progress in design codes regarding members made in high strength
steel and stainless steel, as well as aluminium alloys, resulted in wide application for residential, non residential and industrial buildings (Rondal & Dubina 2005). At the same time, a rapidly increasing number of engineers and many factors in construction industry acknowledge the
importance in assessing the impact of building activities on the environment, economy and society. The incorporation of sustainability aspects into structural engineering has started to become a major objective from industries, designers and construction companies. The assessment
of environmental impacts over the life-time of built facilities as well as the estimates of lifecycle costs are becoming more and more significant in the construction community, as they
play a significant role in the achievement of optimum conservation of resources, minimum
emissions and waste generation at a low overall cost. In addition, the development of building
systems based on light gauge metal elements, such as cold formed steel (CFS) and aluminium
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elements, whose diffusion (particularly ample in the first case, while still in phase of investigation and experimentation in the case of the aluminium) appears tightly connected to a progressive affirmation of evaluation criteria on benefits and costs of steel and aluminium applications
related to the whole life cycle of the material, which takes into account the energeticenvironmental implications related to the various phases of production and use (Asif et al 2007,
Peuportier 2000) In the so-called “process chain” of a material or semi-finished product – that
goes from its production, to its transformation in final product, up to its use and replacing – involves in fact different aspects, among which the Life Cycle Cost (LCC) and the Life Cost Assessment (LCA). These factors seem to favourably play in the possibilities of growth of steel
and aluminium market: material with elevated percentage of recyclability, in whose productive
process the use of scrap represents a conclusive and strategic role.
The present paper aims at investigating the performance of light gauge metal building applications in terms of sustainability. Two frame dwelling systems, namely a light gauge steel frame
system and an aluminium building system have been introduced, and their eco-efficiency has
been evaluated. In both cases a Life Cycle Assessment analysis has been implemented by
means of relevant LCA software and a comparative study between the obtained results has been
carried out.
2 LIGHT GAUGE STEEL METAL APPLICATIONS IN RESIDENTIAL BUILDINGS
2.1 Structural typologies
The contemporary building scenery introduces a productive offer that allows individualizing
different cold formed steel (CFS) based on dry assemblage of modular elements easy to disassemble and integrate with products and systems of different industrial origin.
The CFS sections can be combined to form different structural systems. The stick-build, related
to linear systems, recalls the constructive typology of wood light systems and forms structural
braced frames through the assemblage on site of posts and lintels with C, Z, L section. The
panel construction is used for buildings of medium height (3-4 floors), and provides for the assemblage on site of CFS pre-assembled horizontal and vertical panels, formed by the connection of braced sections. The volumetric system is made by structural pods that are delivered on
site (already provided of fixtures, fittings, etc.) lifted, placed side by side and piled up to form
multi-floors buildings. The semi-volumetric system is a “hybrid” solution that provides for the
combined use of panel construction, volumetric and of other building procedures (Fig. 1).

Figure 1. Stick-build system, panel construction and volumetric system with CFS galvanized sections.

2.2 Description of the “SUNDAY” steel frame system application
The “SUNDAY” system is based on cold-bent and zinc-coated steel profiles which are combined and fastened with the use of self-drilling screws to form wall panels, ceiling girders, roof
trusses and auxiliary elements, see Figure 2. It may be used for residential and commercial
buildings over ground structural systems basically in form of wall panels, ceiling girders and
roof trusses. Ready made individually prefabricated units are delivered to site were they are as-
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sembling to designed form on a previously prepared foundation or existing sub structure (in case
of extending stories), and generally, it is limited up to four stories and 12 m span. The profiles
and gusset plates are manufactured from zinc-coated steel strips or sheets by cold forming and
cutting in special machines adapted for the support of the system. Connections between profiles
in unit and units in structure are made by self-drilling screws. In particular, cases for stiffening
the building structures, frames of welded hot-rolled I- and channel sections steel profiles are
used. The system consists of three basic units:
• External (bearing) wall panels are made of steel posts with spacing equal to 60 cm, placed in
the profiles, which constitute the basis and the closure of a wall.
• Transverse bracing and spandrel beams are made of steel strips or appropriately cut profiles.
• Wall panels, assembled in the factory, provide for window and doorway openings, and include lintels of a special design.

Figure 2. SUNDAY steel frame system and its profiles

For inter-story floors, the profiles in different configurations are forming the beams with typical
spacing 60cm. In the case of larger span lengths, floor girders are made of profiles with greater
height. The optimal span length is up to 4.5m. The load bearing structure of the roofs is constituted of steel trusses. Truss joints are covered with metal sheets (gusset plates), on both sides for
the span length > 6.0 m. Connections are executed with the use of sheet-metal screws. The constituent elements of the girders are joined directly and in buildings with a usable attic a special
roof structure is provided. Bracing of the roof structure is executed with the use of basic profiles, while the typical roof girder spacing equals 60cm (Kozlowski & Plewako 2007).
2.3 LCI analysis
2.3.1 Function and functional unit- Analyzed impact categories
The basic function of the considered system is to provide steel structure as a part of buildings
framing. The assumed functional unit is 1 m2 of usable space obtained in the building type ELA
(Fig. 3) constructed with considering system (AmTech Design Office 2005).

Figure 3. Basic data for ELA building (AmTech Design Office 2005)
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Regarding the analyzed impact categories, the following environmental impacts and their indicators were collected and calculated:
• Extraction of abiotic resources
• Global Warming Potential – CO2, CH4 and N2O emissions
• Acidification Potential (eq. SO2)
• Photochemical Ozone Creation Potential (NOx)
• Process wastes
2.3.2 System boundary
The considered analysis is performed for system boundary shown on Figure 4 covering:
1. Transportation to site
2. Assembling of the structure
Shipment units

Fuel

Additional hotrolled steel

Connectors

To-site transport of materials

Assembling
of the structure

Energy (AC)

Figure 4. System boundary scheme

2.3.3 Data collecting procedure- Inputs and Outputs
For input materials, fuel and energy consumption, data were collected from public sources and
databases. Materials and energy flow per assumed functional unit (1 m2 of usable area) were obtained based on direct information from producer for one year production, presented and proceed in previous research (Kozlowski & Plewako 2007). Zinc-coated steel and hot rolled steel
profiles are the main input materials for analyzed technology. In assembling process connectors
in form of self-drilling screws are added. In all processes covered by system boundary only fuel
(diesel) and electric AC energy from public network are used. The considered output is the usable area of the building.
3 INVENTORY RESULTS
3.1 Inputs and outputs
Based on design data for considered building, the total mass of elements forming structure were
collected and presented in Table 1.
Table
1. Mass [kg] of structural elements for ELA building
______________________________________________
Elements
quantity
______________________________________________
1 Zinc-coated steel framing
5617.84
2
Hot-rolled steel
489.11
______________________________________________
Shipment mass
6106.95
3______________________________________________
Assembling connectors
52.49
Total
mass
of
structure
6159.44
______________________________________________
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According to the design, total usable area of the building is equal 152.4 m2. It was assumed, that
the distance for transport from manufacturing plant to the building site is equal 40 km. The
transport is realized by 3.5 t lorry. The assumed energy consumption during assembling the
structure is 990.6 MJ (AC network in Poland). Inputs and outputs related to functional unit are
presented in Table 2 below. Because standard shipment unit includes some quantity of hotrolled profiles (6.86 % of mass = 413.77 kg), only difference for considering building is separately considered (489.11 – 413.77 = 75.34 kg).
Table 2. Inputs and outputs factors
(related
to FU=1 m2)
______________________________________________
quantity
unit
______________________________________________
1. Inputs:
Shipment units
36.86
kg/m2
*)
kg/m2
Add. hot-rolled steel 0.49
Connectors
0.34
kg/m2
Energy (AC)
6.50
MJ/m2
Fuel (diesel)
1.32E-4 kWh/m2
2. Outputs
Usable space
1.00
m2
______________________________________________

3.2 Impact category indicators for inputs
3.2.1 Shipment unit and connectors
Data were obtained based on previously presented analysis (Kozlowski & Plewako 2007).
Table 3. Inputs and outputs for shipment unit
and connectors on-site
_____________________________________________
Indicator
quantity
unit
_____________________________________________
1. Energy
685.60
MJ/m2
2. Raw materials
72.24
t/m2
3. Emissions to air
CO2
36.90
kg/m2
CH4
40.5E-3
kg/m2
N2O
0.3E-3
kg/m2
SO2
0.12
kg/m2
NOX
44.2E-3
kg/m2
4. Process waste
9.58
kg/m2
_____________________________________________

3.2.2 Additional hot rolled profiles
Data were obtained from ELCD Data System
Table 4. Inputs and outputs for steel hot-rolled
profiles
_____________________________________________
Indicator
quantity
unit
_____________________________________________
1. Energy
6.38
MJ/m2
2. Raw materials
49.3E-3
t/m2
3. Emissions to air
CO2
3.52
kg/m2
CH4
0.4E-3
kg/m2
N2O
7.7E-6
kg/m2
SO2
1.0E-3
kg/m2
NOX
8.3E-3
kg/m2
4. Process waste
0.22
kg/m2
_____________________________________________
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3.2.3 AC Energy (public network in Poland)
Data were obtain from ELCD Data System
Table 5. Inputs and outputs for public AC network
in
Poland
_____________________________________________
Indicator
quantity
unit
_____________________________________________
1. Energy
6.50
MJ/m2
2. Raw materials
41.98
t/m2
3. Emissions to air
CO2
22.04
kg/m2
CH4
14.4E-3
kg/m2
N2O
3.25
kg/m2
SO2
0.04
kg/m2
NOX
0.33
kg/m2
4. Process waste
9.01
kg/m2
_____________________________________________

3.2.4 Transport (3,5 t. lorry)
Data were obtain from ELCD Data System
Table
6. Inputs and outputs for 3.5 t lorry
_____________________________________________
Indicator
quantity
unit
_____________________________________________
1. Energy
n.a.
MJ/m2
2. Fuel (diesel)
0.02
kWh/m2
3. Emissions to air
CO2
5.6E-3
kg/m2
CH4
13.4E-6
kg/m2
N2O
0.00
kg/m2
SO2
0.00
kg/m2
NOX
0.1E-3
kg/m2
4. Process waste
0.00
kg/m2
_____________________________________________

3.3 Impact category indicators for Functional Unit (output)
Table 7 summarized impact category indicators analyzed in this study.
For cumulative energy consumption, covering both consumption for input materials and production processes (presented in last “numerical” cell of Table 7), the same indicators were calculated. Impact category indicators values for particular input materials (weighted by input factors
from Table 2.) were summarized with energy indicators in last column.
Table
7. Calculated impact category indicators for FU
________________________________________________________________________________________________
Indicator

Unit

Shipment Hot-rolled
Transport
Energy
Total
unit+conn
steel
________________________________________________________________________________________________
1. Energy
MJ
685.60
6.38
n.a.
6.50
698.48
2. Raw materials
t
72.24
49.3E-3
4.5E+3
4.6E+3
3. Fuel
kWh
0.02
0.02
4. Emissions to air
CO2
kg
36.90
3.52
5.6E-3
22.04
2.4E+3
CH4
kg
40.5E-3
0.4E-3
13.4E-6
1.57
1.59
N 2O
kg
0.3E-3
7.7E-6
0.00
349.24
349.24
SO2
kg
0.12
1.0E-3
0.00
4.30
4.42
NOX
kg
44.2E-3
8.3E-3
0.1E-3
35.46
35.51
5. Process waste
kg
9.58
0.24
0.0
968.20
978.02
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4 ALUMINIUM FRAME DWELLING STRUCTURES
4.1 Structural typologies of aluminium systems in dwellings
In the latest years, the increasing demand for adequate and sustainable performance with high
quality materials in structures offers an opportunity for aluminium alloys since they possess
properties such as formability, functionality, flexibility, light weight, excellent recyclability and
corrosion resistance. Despite the fact that aluminium alloys are characterized by high energy
consumption during their production and initial costs, they perform in a sustainable way with
the consideration of the building in the full service lifetime (Radlbeck et al 2004). Aluminium
alloys represent a wide family of constructional materials, whose mechanical properties make
them extremely popular in civil engineering works and cover an extended range of application
fields. In addition, their physical properties, such as lightness give advantages as erection
phases can be simplified, as the loads transmitted to foundations can be reduced and as the
physical labour can be reduced. Another characteristic of aluminium alloys is their corrosion
resistance which results in reducing the maintenance costs and adopting a good performance in
highly corrosive environments (EAA 1999). It is noteworthy that the functionality of aluminium alloys regarding geometrical shapes can make them really competitive as the geometrical
properties can be improved through the design of sections, as stiffened shapes can be obtained
without using built up systems and as simplifying connecting systems among different structural members, thus improving joint details (Baniotopoulos 2003).
Regarding aluminium systems in dwellings, it is possible to individualize three structural typologies: frames, grid systems and panels (Fig. 5). In the first case high resistance modular sections are used (Bosch Rexroth, Mhs, etc.), assembled with screws, bolts or metallic clamps. The
grid structures result as strongly competitive for realizations where lightness becomes a fundamental “added value” and can be used for wide spans, reducing strongly the burdens of transport and assemblage. One of the greater advantages of aluminium panels systems comparable to
steel is that the material can be easily extruded to form box ribbed sections, enable the increase
the critical load of structural elements, thus enhancing the bearing capacity of the structure
without increasing its weight (Mazzolani 1995).

Figure 5. Frame, grid and panels system with aluminium extruded sections.

4.2 Description of the system
The use of aluminium frame dwellings is at the present applied in single structures, like one
storey prefabricated houses. For the purpose of the present study a typical case of such structures is concerned, whereas the dwelling consists of four prefabricated aluminium frame panels,
with differentiation only as far as their openings concerns, either door or window. The dimensions of the structure are 6x6 meters (total area 36m2) and the storey height is 3m (Fig. 6).The
basic advantage of this structure under investigation is that its 4 prefabricated panels are identically and can be differentiate in situ, during the fabrication. They are assembled in a previous
constructed light concrete foundation slab and the connections between the panels are made using self drilling screws, whereas the roof can be also a prefabricated unit. Regarding the structural material, aluminium alloys of series 5xxx are used since they are very corrosion resistant
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and exhibit good weldability (CEN 2004). Due to the fact that each panel has a limited weight,
the structure can be transfer and assembled in distance places.

Figure 6. Aluminium frame structure under investigation

In Figure 7 the aluminium profiles used for the present study are presented. Profile A with external dimensions 90mm*90mm is used for columns and the most important beams and profile
B with external dimensions 90mm*45mm is used bracing and secondary beams.

Figure 7. Aluminium frame panels and used profiles

4.3 LCI analysis
4.3.1 Input values
Due to lack of data and for simplification analysis reasons, many input data such as the LCI
analysis was carried out on the basis of some data common with the case of light gauge steel
application. From the design data of the certain structure, the total mass of the aluminium elements forming it is presented in the Table 8.
Table
8. Total mass of aluminium members and connectors
_______________________________________________________________
Element
Length Mass/meter (kg/m)
Total (kg)
_______________________________________________________________
Profile A
143.0
6
858.0
Profile B
165.5
3.6
595.8
Connectors
20
Total
1473.8
_______________________________________________________________
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According to the design, the total usable area of the building is equal 36m2. As in the case of
steel, the distance for transport from manufacturing plant to the building site considered equal to
40km and the transport is realized by 3.5t lorry. The assumed energy consumption during assembling the structure is 600 MJ. In Table 9 the inputs and outputs related to functional unit are
presented.
Table 9. Inputs and outputs factors
(related to FU=1 m2)
______________________________________________
Quantity
Unit
______________________________________________
1. Inputs:
Shipment units
40.38
kg/m2
Connectors
0.56
kg/m2
Energy (AC)
97.22
MJ/m2
Fuel (diesel)
2.56E-4 kWh/m2
2. Outputs
Usable space
1.00
m2
______________________________________________

4.3.2 Impact category indicators for Functional Unit (output)
After following the same methodology as in case of steel, in Table 10 the impact category indicators analyzed in this study are summarized.
Table
10. Calculated impact category indicators for FU
________________________________________________________________________________________________
Indicator

Unit

Shipment
Transport
Energy
Total
unit+conn
________________________________________________________________________________________________
1. Energy
MJ
3540
n.a.
6.50
698.48
2. Raw materials
t
41.27
4.5E+3
4.6E+3
3. Fuel
kWh
31
0.02
0.02
4. Emissions to air
CO2
kg
27.96
5.6E-3
22.04
2.4E+3
CH4
kg
6.69E-3
13.4E-6
1.57
1.59
N 2O
kg
0.5E-3
0.00
349.24
349.24
SO2
kg
0.11
0.00
4.30
4.42
NOX
kg
64 E-3
0.1E-3
35.46
35.51
5. Process waste
kg
2.06
0.0
968.20
978.02

5 CONCLUSIVE REMARKS
This research work was focused on a Life Cycle Inventory analysis of two light gauge metal
frame systems regarding residential applications. Both systems, e.g. the SUNDAY light gauge
steel system and an aluminium alloy frame structure were analysed and the environmental impact of their building components and processes has been evaluated on the basis of inventories.
The aim was to apply LCA analysis and investigate the sustainability performance of light metal
applications on the basis of eco-efficiency indicators results. The approach of the analysis was
carried out taking into account 1m2 of usable area as a functional unit and covering the processes of production, transportation and execution. As expected, in case of aluminium the energy
required for these processes proved to be more than the correspondent one in case of light gauge
steel frame. However, when considering the whole life time of the structure, aluminium alloys
could theoretically contribute to sustainability and in order to get a complete environmental
evaluation there are also other phases in a building life cycle which must me taken into account.
The use of the building, the final dismantling, the treatment after use of components and the
possible reuse and recycling of components are processes which are very important and which
will be dealt with in a following research work.
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ABSTRACT: The objective of this research project is to provide engineered wood products on
the basis of formed wood profiles being optionally reinforced with technical fibres and textiles
for structural purposes. This paper discusses the load-carrying behaviour of light-weight timber
columns with circular hollow cross section. Full-scale axial compression tests were conducted to
evaluate the performance of the profiles. Due to the high buckling strength the tubes are capable
to sustain high axial loadings. Furthermore, the tests demonstrated that load-carrying capacity
and ductility of the timber profiles can be significantly enhanced by additional fibre
reinforcement. Based on the experimental results finite element models were developed to
simulate and analyse the load-carrying behaviour of the tubes and their failure mechanisms. The
numerical models were calibrated and verified through the experimental data to assess their
reliability. The Life Cycle Assessment of the novel product indicated that due to the efficient
use of the material, formed wood and wood composite profiles have a lower environmental
impact in the production phase than comparable glulam elements.

1 INTRODUCTION
In a world aware of its limited resources, our design objectives are increasingly determined by
the need of a sustainable economical development. An efficient use of the available materials
becomes increasingly important. Apart from the material properties, the structural and
economical performance of the cross section is the most important design issue. Structural
elements must safely transfer forces and moments and simultaneously meet the serviceability
requirements. The moment of inertia of the section is a major parameter for both required tasks.
The usual solid cross sections employed in timber engineering are less competitive and efficient
when compared to the more engineered sections, such as steel profiles.
A procedure of manufacturing wooden profiles has been developed and patented (Haller,
2007). It may be applied to a wide variety of sections in a continuous manufacturing process.
The resulting profile encompasses an efficient use of the material and optimal structural
performance. The here proposed circular hollow sections behave well when subjected to axial
forces, so they are well suited for columns.
An additional fibre reinforced plastic (FRP) reinforcement glued to the outer surface of the
profile might be required for strengthening the wood in transverse direction. The composite
reinforcement prevents the wood from splitting and thus brittle type failure can be avoided. In
combination with wood, both materials will benefit from synergies. While wood profits from
the outstanding mechanical characteristics of fibre reinforcement and its orientation according
to the stress, the fibre or textile reinforcement profits from the low price of wood and its
physiological and ecological aspects.
The presented research work deals with testing and modelling of the wooden tubes reinforced
with glass-fibre - epoxy composite. The compression tests were conducted to understand the
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load-carrying behaviour of timber columns with circular hollow cross section. Design
parameters such as slenderness ratio, wall thickness of wood and lay up of the reinforcement
were analysed. Rules concerning the optimal shape and proportion of the cross section were
obtained from the FE-analysis. Results obtained by both previous means, experimental and
numerical, will help to develop an adequate analytical model for the behaviour of composite
reinforced profiles.
The development of a novel manufacturing process for composite reinforced wood profiles
requires the assessment of the environmental and economic performance of the proposed
solution. For assessing the environmental performance the ISO standard 14040 is chosen, for
the economic performance the Life Cycle Costing (LCC) concept shall be applied. Both allow
the identification of important drivers that can be used as indicators for decision-making in
construction. This part shall focus on the Life Cycle Assessment (LCA) study, whereas the
economic valuation shall be discussed in the keynote lecture on LCC.
2 MATERIALS AND METHODS
2.1 Material properties for the wood and fibre reinforcement
The formed timber profiles were made of spruce partially densified to about 75% of its original
size. The mechanical properties of the densified wood were determined in three-point bending
and compression tests on small and clear specimens, according to the German Standard DIN
52186 and DIN 52185. The remaining elastic properties were obtained based on the usual
relations employed for wood, as defined in Bodig & Jayne (1982). The strength properties are
derived from the experimental results, according to the values codified in the German standard
(DIN 1052).
The material properties of the FRP composite were obtained based on the standard nominal
values for the E-Glass fibre embedded in an epoxy matrix. Micromechanics formulae from Tsai
(1992) are applied to calculate the elastic properties and Poisson ratios, based on a fibre volume
fraction of 0.33. The strength properties of the composite are characteristic values proposed in
Fiberline (2003). They are not relevant for the developed model, since the First Ply Failure Method
is considered, and this happens in the wood layer. The evaluated or derived material properties are
summarized in Table 1.
Table 1. Material properties of wood and composite
Material Properties
Abbr.
Unit
ρ
[kg/m3]
fm,0
[N/mm2]
[N/mm2]
fc,0
fc,90
[N/mm2]
Tensile Strength
ft,0
ft,90
[N/mm2]
Shear Strength
τxy
[N/mm2]
Modulus of Elasticity
E0
E90
[N/mm2]
Shear Modulus
Gxy
-Poisson Ratio
νxy
νyx
* mean value from 9 experiments (standard deviation)
x = longitudinal (0°), y = tangential = radial (90º)
Density
Bending Strength
Compression strength

Wood
(partially densified)
582 (110)*
105.2 (18.6)*
60.5 (12.1)*
7.5
55.9
1.4
8.8
16150 (930)*
1340
840
0.04
0.35

Composite
Reinforcement
1800
240
240
70
240
50
25
26600
6900
3000
0.07
0.26

2.2 Specimen geometry and test set-up
Figure 1 shows the specimen geometry and an unreinforced tube in the test machine. The tests
were conducted under axial compression loading according to the German Standard DIN EN
408. The columns had different end support conditions. The base was set on a non-rotating
steel support, while the upper plate was pinned.
Five tubes, one unreinforced reference specimen (REF) and four composite reinforced tubes
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(CR) with a slenderness ratio of 28 were tested. The relatively thin walled tubes (tW = 18 mm)
with a length of 2.5 m have a self-weight of about 30 kg, plus 3.9 kg composite reinforcement.
The thickness tCR of the composite layer was 1 mm. The glass-fibre yarns wound around the
tube were oriented in an angle of ±45° (CR45) and ±85° (CR85) to the column axis. The weight
per area of the glass-fibres was about 900 g/m2.
F

cross section A-A

tCR = 1mm

tw = 18mm

tCR = 1mm

di = 238mm

h = 2500 mm

composite

formed wood
profile

tw = 18mm

do = 276mm

Figure 1. Specimen geometry and test set-up

3 EXPERIMENTAL RESULTS
Figure 2 shows the force-displacement curves of the tested columns. The unreinforced tube
exhibited brittle failure (see Figure 3) at a load level of 685 kN - equals to a compression stress
of 47.3 N/mm2. Since the specimen showed no plastic capabilities the ductility (as defined in
DIN12512) equals to 1.
1200
CR85
Compression Force [kN]

1000

CR45
REF

800
600
400
200
0
0

5

10
15
Vertical Displacement [mm]

20

Figure 2. Load-deformation curves

The test results of the reinforced columns demonstrate that load-carrying capacity and
ductility were enhanced by means of composite reinforcement. In average the reinforced tubes
reached a maximum load of 1000 kN - equals to a compression stress of 65.2 N/mm2. Herewith
the stress exceeded the compression strength of the small specimen presented in Table 1. The
highest loads were achieved for the columns with 85° glass-fibre orientation (CR85). The
ductility of the CR85 tubes was determined to 1.08, while the CR45 tubes behave more ductile
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reaching a ductility of 1.35. When compared to the reference, the load-carrying capacity of the
reinforced columns increased by factors of 1.46 and 1.22, respectively. In regard to the stiffness
the presence of reinforcement is negligible.
Due to Poisson’s effect, the diameter of the tubes increases under axial compression. This
expansion results into tensile stresses in the tangential direction. The failure modes of the
columns are shown in Figure 3. Figure 3b indicates that the reference tube failed in an
“explosive” brittle way due to these tensile stresses perpendicular to grain. In contrast to the
reference, no brittle failure was observed for the reinforced columns. In both cases, CR45 and
CR85, failure was due to the exceeded compression strength of wood resulting into a local
buckling failure mode.

(a)
(b)
(c)
(d)
Figure 3. Failure modes of unreinforced and composite reinforced tubes: (a) REF before testing, (b)
splitting of REF, (c) local buckling of tube CR85 and (d) detail of CR85 – crushing of wood and glass
fibres

The tests proved that thin-walled unreinforced timber columns have very limited potential for
load redistribution. For the design of safe and reliable structures it is highly recommended to
reinforce the tubes in order to prevent them from splitting. Thick walled tubes might mitigate
this problem but swelling and shrinkage effects may also cause longitudinal cracks in the tubes.
These cracks lead to a significant reduction in load capacity and may result in a catastrophic
failure of the entire system.
4 NUMERICAL ANALYSIS
4.1 Finite Element Model
The commercial software package ANSYS 11.0 was used for the numerical analysis. The
geometry of the model corresponds to that of the tested tubes shown in Figure 1. In order to
account for imperfections, an initial deformed geometry is assumed, which corresponds to the
first buckling mode of the unreinforced tube. The tubes were modelled via solid elements SOLID46. This is a layered version of the 8-node structural solid designed to model layered
thick shells or solids. The element is defined by layer thicknesses, layer material direction
angles, and orthotropic material properties. The material properties of wood and composite
reinforcement are orthotropic in the plane of the element. For both materials linear-elastic
behaviour was defined. The material properties are listed in Table 1.
Tsai-Wu failure criterion was used to assess the possibility of failure of the materials and to
predict the failure load of the tubes. Failure load is reached when the corresponding “strength
ratio” is greater than unity.
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The compressive load was modelled as a uniform pressure applied to the upper surface of the
tube. Except for the longitudinal (load) direction the translational degrees of freedom were
restricted. At the base of the tube all translational degrees of freedom were fixed.
To validate the FE-model the experimental results of a larger test series, incl. 13 unreinforced
reference and 16 reinforced tubes, was used. These tubes had the same cross section as
described in section 2.2, but different slenderness ratios λ. The length ranged from 50, 200, 500
to 2500 mm. In contrast to CR45 and CR85 common woven glass-fibre fabrics with a fibre
orientation of 0°/90° were used for to reinforce the CR090 tubes. The three fabric layers had a
textile weight per area of 160 g/m2 each.
4.2 Results of the Numerical Analysis
Results from the numerical model and their comparisons to the experimental results are
presented in Figure 4.

Compression/Buckling Load [kN]

1200
REF
FEM-REF
CR090
FEM-CR090
CR85
FEM-CR85
CR45
FEM-CR45
spline CR
spline REF
Euler Buckling
Buckling DIN1052

1000

800

600

400

200
0

10

20

30

40

50

60

70

80

90

100

Slenderness λ

Figure 4. Load-slenderness relationship for REF and CR tubes - experiment vs. FE-simulation

The results of the numerical analysis are in good agreement with the experimental data. In
either case the error between the test data and the FE-simulation was below 10%. The fibre
reinforcement copes with the imperfections and variations in the wood, which influence more
clearly the results in the unreinforced model. The failure analysis of the REF tubes is dominated
by the low tensile strength of wood perpendicular to grain. Therefore the FE-model is capable to
predict the load-carrying capacity of the REF tubes with high accuracy. With increasing
slenderness, the load capacity of the tubes decreases to about 62% (REFmean = 633 kN) and 93%
(CRmean = 947 kN) of the initial value of 1020 kN. This reduction results from geometrical
imperfections, the increasing number of defects over the tube length and from the splitting
failure of REF tubes.
As shown in Figure 4 (Buckling DIN 1052) the design equations provided by the German
Standard DIN 1052 cover the whole load-slenderness relationship. If the slenderness ratio is less
that 30 the buckling load is equal to the compression load (strength of wood). For this study, the
mean compression strength fc,0 obtained from the experimental tests (Tab. 1) was used to
calculate the critical load. If the slenderness ratio is between 30 and 70, buckling load is
evaluated by interpolating the compression strength and Euler-type buckling.
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Figure 5 shows the failure state in wood for unreinforced and fibre reinforced tubes. The
areas where failures occur first correspond to the buckling shape imposed to account for an
initial imperfection.
Figure 6 reflects the failure state in fibre reinforcement when wood fails. As shown, the fibre
is closer to fail in the case of the 45º reinforcement (strength ratio 0.8) than in 85º reinforcement
(strength ratio 0.5).
1.0

0.75

0.50

0.25

0.00

CR45
CR85
REF
Ffail 908kN
Ffail 1059kN
Ffail 616kN
Figure 5. Predicted failure in wood

Failure criteria
(strength ratio)

CR45
CR85
Ffail 908kN
Ffail 1059kN
Figure 6. Failure in reinforcement
(when wood fails)

5 LIFE CYCLE ASSESSMENT
According to ISO 14040:2006 the first phase of an LCA study is the goal and scope definition.
Undertaking an LCA is an iterative task, so the first steps to a complete and ISO-conform LCAstudy can be taken in an explorative way, well-knowing and taking into account that the scope
of the study may have to be refined. Nevertheless it is necessary to clearly define goal and scope
of the study and what is planned to do with the outcomes of such an investigation.
In the following first results at this early point of the LCA study are documented showing, on
the one hand, conclusions drawn by a software-based calculation of the environmental load and,
on the other hand, problems to be solved in further steps of the research.
5.1 Goal and scope definition
In the first step the environmental performance for the following construction materials shall be
compared: solid wood, glue laminated timber (GLT), formed wood profiles (with and without
reinforcement) and steel. In the second step the formed wood profiles shall be optimized by
controlling the relevant drivers. To reach these goals, three questions have to be answered: What
is an appropriate functional unit and where are system boundaries to be set? What life cycle
impact assessment (LCIA) methodology shall be used? What requirement shall be set for the
data quality?
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5.2 Functional unit
Approaching LCA for a complex system like composite wood structures, for a start the
functional unit is reduced to a column with a bending stiffness EI of 1800 kNm2. The bending
stiffness is a measure for the Euler-type buckling load of a column we can expect. Thus it is
possible to define comparable columns made of other construction materials like steel or
traditional wood columns made of solid wood, glue laminated timber or steel. So far the life
cycle is examined just up to the production phase.1 This can also be interpreted as a "cradle to
gate"-LCA, which leads to the definition of the system boundary.
5.3 System boundary
Cradle-to-gate LCA include the consumed energy and material flows as well as the outputs, e.g.
emissions caused from the exploration of resources (cradle) to the production process before
leaving the company (gate). The use and disposal phase are not taken into account. In
consideration of these limitations a first Life Cycle Inventory Analysis (LCI) of a formed wood
profile is conducted based on the process flow diagram (Figure 7). Inputs and Outputs, which
"should be more fully identified after additional data are collected during the course of the study
(ISO14040, 2006), are used as available at this point of the study, so the essential parts of the
production phase, as seen in the process flow diagram, could be taken into account. At some
points cut-offs had to be made. For example for the process "profile planing" no data was
available, also the water consumption for wetting the GLT board during the heating process
could not be recorded yet.

Figure 7. Process flow diagram formed wood profile column

5.4 Data sources and assumptions
The initial identification of inputs and outputs is based on material and energy data, supplied by
the databases ETH-ESU 96 (Frischknecht, 2004) and IDEMAT2 (both integrated in LCA
Software SimaPro©), as well as on first data collections in pilot plants. Also the environmental
impact of the formed wood profile is calculated based on the GLT data, which can only
represent a first approximation. Therefore all input data for the wood profile are calculated
pessimistically.
Table 2. Impact assessment - Eco-indicator99 (I) after initial identification (CO2-storage disregarded)1
Column Type
Material / Energy input
Database
Points Eco(I)
Solid wood 50.8 kg of non-dried wood (square)
ETH-ESU 96
0.33
Solid GLT 48.7 kg of GLT (square cross section)
ETH-ESU 96
1.90
Formed wood 30 kg of undensified wood
ETH-ESU 96
1.17
profile 19 kWh process energy *
ETH-ESU 96
0.49
1 formed wood profile
(see above)
1.66
Formed and
1.9 kg glass fiber
IDEMAT
0.034
Reinforced
1.7 kg epoxy
IDEMAT
0.058
wood profile 0.7 kWh process energy
ETH-ESU 96
0.018
Steel column 50.3 kg of steel low alloy ETH S3
ETH-ESU 96
5.53
* 80% energy loss for all process steps assumed
1

Nevertheless the CO2 absorption during the growth stage of the wood is disregarded as it will be
released in the disposal phase, which has to be part of the complete LCA anyway. In this way the
outcomes of the "cradle-to-gate LCA" is more objective.
2
http://www.io.tudelft.nl/research/dfs/idemat/index.htm Database with a focus on the production of
materials, developed at Delft University of Technology
3
Only material input is taken into account. Assumed composite, as supplied by database: 93% primary
iron, 5% scrap and 1% alloy metals.
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The main energy input during the production of GLT needed for drying of the boards. The
energy required for the manufacturing of the formed wood profile is a summation of drying
(70%) and heating (30%) for densification and forming the profiles. The mechanical energy
inputs for the densification of wood - pressing and rolling into a profile are marginal. It has no
relevant influence on the environmental impact of the formed wood profile.
5.5 Impact assessment
Figure 8 shows the first results of impact assessment choosing the Eco-indicator99 (I) for
impact assessment. 1 Point is "representative for one thousandth of the yearly environmental
load of one average European inhabitant (Ministry of Housing, 2008). The environmental
impact caused during the production phase is mostly influenced by the material flow of wood as
it is the main input. Timber structures are in a competition with steel structures. Therefore an
adequate steel column is used as a reference in this early stage of LCA. The advantages of the
renewable material wood are significant.
6

points Eco (I)

5
4
3

5.53

2
1

1.90

1.66

GLT

wood profile

0.33

1.77

0
solid wood

reinforced steel column
wood profile

Figure 8. Environmental load (production phase) of columns built with different construction materials

6 CONCLUSIONS
Full-scale compression tests on light-weight timber columns with circular hollow cross section
have shown the potential of the profiles for structural applications. The experiments
demonstrated that the load-carrying capacity and the ductility of the tubes can be significantly
enhanced by additional glass-fibre reinforcement. Compared to unreinforced columns the loadcarrying capacity and ductility of the reinforced tubes was increased by factors of 1.46 and 1.22,
respectively. The rupture of the unreinforced column was caused by tension perpendicular to
grain failure. The failure modes that caused damage of the composite reinforced columns were a
mixture of compression failure and local buckling.
Based on the experimental results finite element models were developed to simulate and
analyse the load-carrying behaviour of the tubes and their failure mechanisms. The model was a
helpful tool to size the timber cross section and to determine the required reinforcement. Results
obtained by experiments and numerical analysis will help to develop an adequate analytical
model for the behaviour of composite reinforced profiles.
Due to its material efficiency formed wood and wood composite profiles have, regarding the
initial identification of inputs and outputs and using the available data, a lower environmental
impact in the production phase than comparable GLT or steel columns. As these first outcomes
are, in some parts, based on assumptions and approximations and can only be seen as a cradleto-gate LCA, the next steps will be the refurbishing of the data quality and the extension of the
life cycle.
Timber profiles are applicable to cover a wide variety of situations in civil engineering. The
innovative developments may set the basis for the future of high capacity timber structures,
especially in cases of highly loaded elements with large cross sections.
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ABSTRACT: This paper, aims to keep specialists attention on aerogel, nano-material of which
main properties are known only generally and for which, as far as it is know, doesn’t exists a
materialization of the possibilities of utilization in the field of constructions, mainly, by identification of some possibilities of utilization of aerogel in constructions. The paper is related to
the subject of COST C25 action WG2, with one the main objective application of new materials
and new technology. The aerogels are from the group of solid materials nano-porous – the dimension of aerogel porous it is almost 10nm – the porosity being over 95%, the coefficient of
the thermal conductivity λ ≈ 0.018 W/m°K. There aren’t toxic and not flammable. They are resistant to high temperature. The melting degree is 1200 °C. The aerogels are translucent, appears like glass, but are thousand times easier, that fact offers the possibility of some bolding architecture. The limits of construction engineering at nano metric level may be extended only by
producing of new materials, advanced and using her for more resistant envelopes at different external actions which may increase considerably the durability of a building, for less weight systems, lighter, resistant and at last least expensive. It is important for the construction field to
have as many information as possible regarding such inventions.
1 INTRODUCTION
A new material have been developed at the beginning of XXI century – the scientists asserts that
this will be the one that will change the course of life, so as it was happened with the carbon fibre in the years of 80 and with silicon in the years of 90.It is about aerogel, something as frozen
smoke, defined as being the most lighter solid substance in the world, has chemical composition
similar with the glass, but density is thousand times less (2.2 g/m3-silicon glass), having in
composition 99% air. The aerogel is obtained be extracting the liquid component from a gel by
super-critic dry. That allows to the liquid to flow slowly without causing to the solid framework
of the gel a contraction by capillary action, such as it happens at a conventional evaporation.
Then the space will be replaced with a specific gas. So that in its mass will appear millions of
minuscule pores.

Figure 1. General view of aerogel a new material for contruction industry
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The first aero gels have been produced by extracting the water from the silica gels and then
the replacement with a specific gas as the carbon dioxid.
The first synthesis succeeded to Steven Kistler in the years 1931/32. It developed a method as
the first, in order to dry gels, without these exhibited thereby a contraction. Kistler's later work
involved aerogels based on alumina, chromia and tin oxide. Aerogels may be obtained, practically, from metallic oxides or mixtures of the metallic oxides, from polymers carbon, or different other materials. Considering the initial substance the aerogels have different names such
as:Silico-aerogels,Carbon-aerogels, Alumina-aerogels, SEAgels ,Chalcogels,etc.
2 CHARACTERISTICS AND STRUCTURE
At first glance, airglass looks like a normal window pane. The big difference is that it is much
lighter. Airglass is composed mostly of silicon; it is a porous, transparent material with very
good insulation properties. It is also fire-proof. Airglass is very brittle, but development of improved elasticity is in progress. In certain situations, air glass has been reinforced with fibreglass.

Figure 2. The transparency proprieties of air glass

To the touch, aerogels feel like light but rigid foam, something between Styrofoam and plastic foam. Despite what their name may suggest, aerogels are dry materials and do not resemble a
gel in their physical properties but a nanofoam (the name comes from the fact that they are derived from gels). Pressing softly on an aerogel typically does not leave a mark; pressing more
firmly will leave a permanent dimple. Pressing firmly enough will cause a catastrophic breakdown in the sparse structure, causing it to shatter like glass - a property known as friability. Despite the fact that it is prone to shattering, it is very strong structurally.
Due to their high porosity (the dimension of aerogel porous in the nanometer range and the
internal surfaces can with up to 1000 m² /gram become unusually large) to be able aerogels as
isolating or filter material be used among other things.
Since silicate aerogels are comparatively well examined particularly in their varieties, one can
give quite exact data for its spectrum. High optical transparency, together with a refractive index
from approximately 1.007 to 1.24 and a main value of 1.02, makes aerogels interesting also in
optical domain. A silicate aerogel appears as milk industrial union blue before dark background,
because the silicon dioxide strews the shorter wavelengths (that is, the blue portions of the white
light) more than the longer-wave radiation. This effect can be observed in form of the Rayleigh
scattering also with the daylight in the terrestrial atmosphere. Despite its transparent feature the
aerogel feels like hard plastic foam. Due to this characteristic they appear matt as far as transparent and to carry therefore also the surnames frozen smoke or blue smoke.
The individual particles of the silicate aero gels are approximately large to ten nanometers
and the distance between the chains amount to about 10 to 100 nm. The cylindrical Mesoporen
is quite well accessible and possesses by definition a diameter from 2 nm to 50 nm, whereby porosity lies within the range of 80 to 99.8 %. The gross density moves therefore within the range
of 0.003 to 0.5 g/cm³ with a mean value of 0.1 g/cm³, whereas the pure density is with 1.7 to 2.1
g/cm³ .
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Accordingly silicate aero gels exhibit one with 100 to 1600 m²/g and a mean value of 600
m²/g very high specific surface. The heat conductivity in air with 300 Kelvin is extraordinarily
small with 0.017 to 0.021 W/(m°K) and a mean value of 0.02 W/(m°K), which lends a high
temperature stability to the aerogels also under extreme conditions and the best heat insulators.
Also shows up a very high density of states, which is connected at low temperatures with a
strongly increased specific thermal capacity.
Because of its enormous specific surface aerogel adsorbs substantial quantities of gases. A
majority of it is because of its polarity water. Aerogel blocks, which are exposed to the atmosphere, sit down within short time into an equilibrium with the partial pressure of the water vapour in the environment. This water can be driven out by drying process at higher temperatures.
The heat transport in aerogel is made by conduction and radiation; convection remains immeasurably small and negligible because of the pores. The description of the heat transport in
aerogel must consider the coupling between conduction and radiation. In the aerogel in each
sublayer a certain portion of the radiation is absorbed and remitted according to the local temperature.
Since it is 99% air, it appears semi-transparent. The colour it does have is due to Rayleigh
scattering of the shorter wavelengths of visible light by the nanosized dendritic structure. The
transparency of the aero gel is still improvement worthy actually in the visible range: Rayleigh
waves leads to a bluish glow; a white surface appears palely yellowish therefore in the examination, since now a certain portion of the blue end of the spectrum is missing. The material transmits about 88% of the integrated solar spectrum (thickness about 10 mm); a small fraction of the
transmitted light is scattered..
A further characteristic is linked the speed of sound and with it also small acoustic field impedance small with 20 to 800 m/s and a mean value of 100 m/s within aerogels. Modulus of
elasticity lies within a range from 0.002 to 100 MPa, with a mean value of 1 MPa. Of aerogels
can thereby under normal conditions more than the 2000 times of their dead weight at load
carry, without collapsing.
Silicate aerogels cannot be moistened by liquid metals or chemically attacked, thus being
chemically inert. Airglass is non-flammable and non-toxic. They are resistant to high temperature. Their melting point is at approximately 1200 °C.
Due to its hygroscopic nature, aerogel feels dry and acts as a strong desiccant. Persons handling aerogel for extended periods of time should wear gloves to prevent the appearance of dry
brittle spots on their hands.
Aerogels by themselves are hydrophilic, but chemical treatment can make them hydrophobic.
If they absorb moisture they usually suffer a structural change, such as contraction, and deteriorate, but degradation can be prevented by making them hydrophobic. Aerogels with hydrophobic interiors are less susceptible to degradation than aerogels with only an outer hydrophobic
layer, even if a crack penetrates the surface. Hydrophobic treatment facilitates processing because it allows the use of a water jet cutter.
Table 1 Principal characteristics of aerogel
Density
50 ÷ 200 kg/m³
Refractive index
1.02 ÷ 1.05
Heat transfer coefficient
0.018 W/m°K at 25°C(68°F)
Non deforming
Chemical composition
Grain size
Light transmission

up to 750°C (1380°F)
99.99% SiO2
10 ÷ 30 nm in diameter
(21 -73) % for aerogel thickness (6,41,3)cm

UV-resistant
Resistant to radio-activity
Can be dyed

In the production process airglass is moulded, giving the possibility of getting different
shapes: cylinders, cubes, plates of varying thickness etc. Chemically, airglass is composing of
quartz and a great deal of air, making it fragile. The grains of quartz are small compared to the
wavelength of light, giving airglass good transparency properties. At around 750°C (1380°F), it
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starts to shrink and slowly collapses to a piece of ordinary quartz. Airglass can be cut with a
band saw and holes can be drilled with a metal drill.

3 FIELDS OF APPLICATIONS
The utilization fields of aerogel, due to its properties, are very numerous, engine spaces, vehicles industry. Aero gels regard 15 entries in the Guinness book of the records inclusive as material properties, best insulator and lightest solid and/or solid with the smallest density.
Due to their high porosity one developed aerogels first with the intention of retaining medium for gases and solids. Into the 1960s aero gels were examined for their fitness as storage
media for liquid rocket fuel.
Since the refractive index of the aerogels lies in a range, which neither gases nor liquids exhibit, those proved as valuable detectors for the Tscherenkow radiation. Particularly silicate
aerogels show a very small heat conductivity and therefore gladly as insulating material for special applications (e.g. as transparent thermal insulation) are used.
Carbon aerogels with high electrical conductivity and stability play a large role in the material research for electrode material in primary and gas cells, vehicle catalysts as well as in supercondensers.
By their fine structure aerogels are applicable also as catching matrix for smallest dust particle. They were used therefore also on board the comet dust space probe Stardust, of NASA. The
caught dust particle and molecules are so slowly braked that they are thermally not destroyed.
Thus it succeeded to bring among other things also the first time without damage to material of
a comet to the earth. Its high surface area leads to many applications, such as a chemical absorber for cleaning up spills. This feature also gives it great potential as a catalyst or a catalyst
carrier. Aerogel particles are also used as thickening agents in some paints and cosmetics.
Aerogel performance may be augmented for a specific application by the addition of dopants,
reinforcing structures, and hybridizing compounds. Using this approach, the breadth of applications for the material class may be greatly increased.
Commercial manufacture of aerogel-layers began around the year 2000. An aerogel layer is a
composite of silica aerogel and fibrous reinforcement that turns the brittle aerogel into a durable, flexible material.
The mechanical and thermal properties of the product may be varied based upon the choice of
reinforcing fibres, the aerogel matrix, and opacification additives included in the composite.
Aerogel composites have been made using a variety of continuous and discontinuous reinforcements.
The high aspect ratio of fibres such as fibreglass has been used to reinforce aerogel composites with significantly improved mechanical properties.
Other types of aerogel, for example the ones based on plastic materials or carbon may have a
huge significance for special utilizations. Aero gel is able to protect buildings against explosions
( it can bear without no damage an explosion of one kilo of dynamite), of flames (until temperatures of 1300°C, may absorb the oil flow.
Its applications are practically infinite: the researches have discovered that it may be used
also for manufacturing of tennis pallets, but also for creation of very secure outfits for astronauts. If it has as base the platinum, aero gel may be utilized for fuels production based on hydrogen.
The aerogels are transparent, appears like glass, allowing for some light to pass through, that
will lead to boldly architectural possibilities.
A team of researchers demonstrated that for producing aero-gels in an imponderable environment could be produced particles with more uniform dimensions and will be reduced the effect of Rayleigh dispersion in silicone-aerogel, that makes aero-gel less blue and more transparent.
The higher transparency of silicone-aerogel will extend the utilization as thermal insulation
material for windows and lightings, for façade stained glass walls, reducing the heat loss.
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4 POSSIBILITIES OF UTILIZATION IN THE FIELD OF CONSTRUCTIONS
The aerogels are from the group of nano – porous solid materials – the pores dimension of one
aerogel it is situated somewhere at 10nm, the porosity being over 95%. That kind of data demonstrates to be a specific material in construction field: it insulates thermal and against noise
much better than the mineral wool and styropor (expanded polystyrene) and has a thermal resistance much higher than the aluminum. This material has lots of interesting properties which
could lead to possible application for windows insulation, at solar collectors, refracting walls,
components in air conditioning equipments.

Figure 3. Examples of using aerogel for envelope elements

It will be a possibility for execution of super-insulated window which will eliminate the deficiencies of the existent windows: the spaces between sheet and window to be filled with
aerogel, a very porous window foam and transparent. The window as transparent construction
element, may contribute to the passive utilization of the solar energy and may influence positively the energetic balance of a building. The thermal insulation measures of opaque part of the
building, are absolutely necessary. The same importance has also the optimization of the thermal insulation properties of the stained glass part from a building, in parallel with improvement
of material transparency. By an attentive construction method, harmonized with climatic conditions, the energy consumption for heating may be highly reduced comparatively with traditionally methods, that without affecting the interior comfort.
The aerogel is a remarkable thermal insulator because it almost eliminates the three transmission methods of the heating (transport, convection and radiation). It is a good convective conductor because the air can’t circulate inside the network. The silicone-aero gels are, especially,
good insulator at transport because the silicone it is a low heating conductor. On the other hand
the metal – aero gels are less efficient insulators. The carbon aero gel it is a very good insulator
at radiation because the carbon absorbs the infrared radiations in the transfer of heating. The
most insulating aerogel is the silicone aerogel with additional carbon. Also, the opaque walls
may be covered with super insulator transparent material. The solar radiation goes to the wall
surface and is converted in heat. Because of aerogel special properties of insulation, a big part of
heat it is transmitted to the building. It is important to study the impact of aerogel for the construction elements from reinforced concrete, masonry or metal. Some other efficient solution
may become useful: insulations with aerogel (λ ≈ 0.018 W/m°K). In the same time the roofs, the
platforms over the last level and over the underground level will have a good thermal insulation.
A special importance has also the analyze of possibilities of joinery manufacture from aerogel
( frames etc.) especially analyzing their efficiency comparatively with the existent joinery. The
granular aerogels may be used for insulation in natural light.
A defined aspect among these strong points, it still remains, the problem of costs for material
and assuring an optimum temperature in the building insulated with aerogel, and during the hot
season.
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5 CONCLUSIONS
The authors wants to keep specialists attention on aerogel, nano-material of which main properties are known only generally and for which, as far as we know, doesn’t exists a materialization
of the possibilities of utilization in the field of constructions, mainly, by identification of some
possibilities of utilization of aerogel in constructions.
The aerogels are from the group of solid materials nano-porous – the dimension of aero gel
porous it is almost 10nm – the porosity being over 95%, λ ≈ 0.018 W/m°K. There aren’t toxic
and not flammable. They are resistant to high temperature. The melting degree is 1200°C. The
aerogels are translucent, appears like glass, but are thousand times easier, that fact offers the
possibility of some bolding architecture. Such reference data demonstrates that the materials are
important in the construction field.
The limits of construction engineering at nano metric level may be extended only by producing of new materials, advanced and using her for more resistant envelopes at different external
actions which may increase considerably the durability period of a building, for light systems,
lighter, resistant and at last least expensive.
In the hereby context extension of sustainable limits, application of nano-technology in the
execution of the green buildings it is a new goal in the world, and much more, may become an
efficient solution in the future, annually may be saved costs for energy and the emissions of
CO2 may be reduced, thanks to one nano - innovation. It is important for the construction field
to have as many information as possible regarding such inventions. Romania it is aware of the
importance of taking part to the development of this field and thought of some strategies regarding that, which are an integration in the efforts which are made at the global level and, especially at European level, of including the nano – technology and the nano-materials in all economic fields.
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ABSTRACT: The method of global costs (GC) is a method through which it is intended to improve the decision of investment, by reducing the risk of investing initially a low sum and to support higher costs in the future. In antithesis with wrong premises to count on only on the decrease of constructions cost, the base principle of global cost in investments is: Value of the investment (I) + Maintenance expenses (Ci) +
Exploitation expenses (Ce) - Residual value in a lifetime (Vr) => as low as possible. The paper is related to
the subject of COST C25 action WG2, with one of the main objective improvement of the global performance of constructions. The Global Cost it is applicable at project level, in any existence stage of the construction objects, no matter if this refers to new investments or rehabilitations, modernizations, complete repairing, environmental protection in order to offer the chance to select the most advantageous variant, also from
the point of view of initial prices as for the further ones. The global cost is in discussion only when taking
the decision to invest only as the result of comparison between two or more variants, and will be choose the
one with minimum global cost. The calculation examples presented in the present paper confirm the above
asserts. For a better understanding of the terms, the authors present first the theoretical background starting
from the INCERC Bucharest results, and from the methodological principles and the calculus actualization
factors indicated into the recommendations guide, related to the calculus of the global cost into the building
construction industry. The relevance of these elements has been demonstrated by the numerous applications
made on different working phases of the research activity of the authors.
1 INTRODUCTION
The method of global costs (GC) is a method through which it is intended to improve the decision of investment, by reducing the risk of investing initially a low sum and to support higher costs in the future. Utilization of the notion of investment global cost was determined by factors such as: understanding the fact that
“cheap” decisions at the beginning were generating future higher costs (50%-80% from the total cost), usage
of the built patrimony and the necessity of some further expensive remedies or rehabilitations, the higher increase of exploitation costs as a result of higher prices for fuel, energy, etc.
The moment of decision comparative to global cost is the one before making the so called investment, respectively the designing stage when are decided in a rate of 70% the initial expenses as the further ones in
order to have the possibility of choosing the more advantageous method, from the point of view of initial
costs as from the point of view of further costs.
Considering the content the global cost is defined as being the economic sum between the initial efforts for
realizing an investment and the further ones, regarding the maintenance and the exploitation of that. Schematically, that definition may be represented as it follows:
Global cost = Initial costs + Further costs
As mathematic expression, the global cost of an investment represents the sum of relevant costs regarding the
investment during a specific period of time, expressed in equivalent values, at one point, respectively:
n

CG = I + ∑ ∑ Cit Fit
i

(1)

t =0

Where:
I = initial investments considered for simplification as being consumed at the time mark choused for analyze
n = period from investment period considered period of analysis (years)
Cit = the costs from i category at t moment
Fit = the factor of transforming of some costs Ci mentioned at t moment in equivalent values at the mark time
or actualization factor
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2 COMPONENT ELEMENTS OF GLOBAL COSTS
The component elements of GC [1] are:
— initial costs
— further costs
— analyze period
— mark date
— actualization factors
2.1. Initial costs ( I )
This component represents, mainly, the bill of quantities costs, to which it is recommended to be added, the
expenses for designing and research.
Observations
1.This component it won’t be corrected with actualization factors.
2.Listing the categories included in the initial costs it isn’t limitative: if “the client” requests the inclusion of
other categories considered relevant (social costs, for example) may be included.
The procedure to establish the initial costs (costs of bill of quantities) consists in:
1.The elaboration of an inventory for the constructive solutions on category of construction objects
2.Establishing the costs in bill of quantities
3.Acceptance of costs for establishing the costs of the object.
2.2. Further costs (Cit)
It is recommended to be included in this category the following categories: maintenance costs, current repairing, complete repairing, replacements and of exploitation.
It is mentioned the fact that the list regarding the further costs isn’t limitative and doesn’t have to be considered as an obligation for all the applications.
2.3. Analyze period (n)
Represents the period established for studding of component elements of GC, which usually is shorter than
the period of exploitation of the analyzed object.
Establishing the period of analyze it is essential for the exact results of a GC analyze. Choosing a long time
period, creates difficulties under the price estimation item, technological changes, economically, etc. Although under the influence of actualization, especially if are used higher rates of actualization, the further
costs become unimportant, so they can’t influence the decision of investment in present. Choosing the most
appropriate period for a GC study it is realized with the help of the investor and taking into account that, a
longer period of the analyzed object, allows a longer analyze period, with an lower actualization rate. Reverse, a shorter period implies a shorter analyze period and a higher actualization rate. Under the situation,
the recommendation made regarding the analyze period is that the limit to be of 40 years.
2.4. The moment or mark date (t)
This element represents the established moment for expressing the costs observed at different period of
times, in time, in equivalent values.
This may be:
- the moment of decision (analyze)
- the moment of starting the execution
- the moment of handing over
- the moment of not using anymore
Choosing one of these moments has an effect on the actualization way and on the type of actualization
factors.
The recommended mark date is the moment of decision (analyze) due to the fact that emphasize the filling
of proportion at current realities and creates the impression of engagement with a higher responsibility in the
investment decisions.
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2.5. Actualization factors (Fit)
The actualization factors represent the correction coefficients of the costs registered at different period of
times from the analyze period, in order to make possible their equivalent in proportion with an established
moment and the economic summing of those.
The most important element from the actualization factors formula is the actualization rate (a) (the rate of
prices increase) because of the value of that depends also the level of those factors as the most representative
period for analyze and, finally, the decision of investment. That rate of actualization represents the paid price
for funds immobilization which isn’t immediately productive. Considering some authors that are determined
by many factors among which: instalment rate, turnover rate, national turnover increase rate and may by assimilated with those.
But choosing the level of that rate, is an extremely delicate problem, because, as the actualization rate is
higher, the number of rejected investment projects will be higher, the reason being that it will be requested a
higher turnover.
On the other hand, as the coefficient of actualization is reduced, the analyze period has a higher influence
on the accepted limit of investments.
Also at an increase of actualization rate and of analyze period, the influence of actualization factor on the
increasing acceptable limit of the investment goes to zero.
Taking into account the above mentions and the present conditions in Romania regarding the instalment
rate at the credits for houses, the increasing rhythm of the branch, the level of work productivity in constructions, the rhythm of increasing of national income, it is recommended an actualization rate of 10% (12%).
In Table 1 are given the calculation formulas of the actualization factors and their interpretation.
Table 1. Formulas for calculation of actualization factors [1]
N
o
0

Symbol

Calculation formulas

Signification

1

2

1

F1

3
Costs registered before the mark
date

2

F2

1
(1 + a) t

3

F3

a (1 + a ) t
(1 + a ) t − 1

4

F4

5

F5

6

F6

7

F7

(1 + a ) t

Costs registered after the mark
date
The sums divided equally on n
period, knowing the initial value
The initial value knowing the divided sums uniform

(1 + a ) t − 1
a (1 + a ) t
a
(1 + a ) t − 1

Actualization
way
4

It is given /
it is requested
5

CT
CP

CV
CP

CP
cj
cj
CP

The sums divided equally on n
period, knowing the final value
The final value knowing the divided sums uniform

(1 + a ) t − 1
a

CV
Cj
cj
CV

The initial value knowing the fact
that the sums are unequal
⎛1+ e ⎞ ⎤

(1 + e) ⎡
⎟ ⎥
⎢1 − ⎜
( a + e) ⎣⎢ ⎝ 1 + a ⎠ ⎦⎥
t

c tj
CP

a = actualization rate; t = time period at mark date;t e = the increase prices rate; CT = past prices; CP = present costs
CV = future costs; c j = equally distributed sums; c j = unequal sums
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The factors F1 are used to multiply a present sum CP, invested with an instalment rate a, in order to obtain
the sum CV available at the ending of period t.
The factors F2 are utilized for calculation of the present value for the future sum CV paid or taken at the
end of the period t.
The factors F3 are utilized in order to determinate the annual sum at the end of the period (cj) which is going to be received or paid for a period of t years from an initial sum CP invested with an instalment rate a.
The factors F4 are utilized for transforming equal payments or receiving (cj), which appear on a t interval,
at a actualization rate a, in a present equivalent sum.
The factors F5 are applicable for calculation of equal payments (cj) necessary to establish a future fund
(CV).
The factors F6 are utilized to determinate a gathered sum in the future (CV), after t years, at an instalment
rate, a.
In order to illustrate the method of using the factors F7 it is deposed the case of an house owner which
pays for energy 5000 Euro / year. Supposing that these expenses will increase with an annual rate of 5% then
in 40 years at an interest rate of 10%, the present value of the energy costs will be (5.000 x F7).
3 THE FIELD OF APPLICATION OF GLOBAL COST
The global cost is applicable in any stage of existence of the constructions objects, or in other words, no matter of the category of the investment works: new investments, complete repairing, modernizations, extensions, rehabilitations.
So if it is about a new school or house, it will be analyzed more projects and will be choused the one with
the most advantageous solution. In an
exceptional way it may have to be decided between building a new house or to live with rent, for example.
For complete repairing, modernizations, extensions, generally it is followed also the choosing of one solution among many other possible ones, but may be cases when it is discussed the work execution in present or
it will be later.
For rehabilitations the most important decision, which needs responsible analyze, is the one of rehabilitating or to demolish and to build again. As other construction work categories, the rehabilitation works are
based on the principle of global cost (intervention and maintenance during a contracting period of many
years)
The principle of global cost it is simple and functions as it follows: at the moment when the project is defined, it is estimated its cost and it is defined the Tender Documents for the invitation to tender. When the
company responds to the invitation, it has to communicate not only the prices for different services on work
categories and places, and also the maintenance prices based on evaluations regarding the resistance of works
and of the materials during the time.
The final choice it isn’t made based on minimum price, but on the criteria of the best proportion works /
maintenance.
4 POSSIBILITIES OF UTILIZATION IN THE FIELD OF CONSTRUCTIONS

4.1 Comparative study of two variants of heating system for a family house
In this paragraph are analysed two variants of heating system for a house with ground floor and one floor
with a developed surface S=200mp. The initial data are presented in Table 2.
Analyze object:
-conventional system
-combined system (conventional sun + energy)
Costs of heating system: 350Euro/mp/mix system
Costs of heating system: 250Euro/mp/ conventional system
Cost of functioning energy: 100 Euro/month/ mix system
Cost of functioning energy: 180 Euro/month/ conventional system
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Table 2. Initial data for mix and conventional system
No Initial data
Mix system
Variants
1
The analyze period
20 years
2
Initial value
70 000 Euro
3
Unexpended value
0
4
Costs for maintenance and repair- 3 000 Euro
ing
5
Replacement Costs
0
6
Cost of functioning energy
1
200
Euro/year

Conventional system
20 years
50 000 Euro
4 000 Euro
3 000 Euro
2 000 Euro in year 15
2160
Euro/year

Auxiliary data of calculation :
It is supposed that the actualization interest is a=10%, and the fuel cost rises with an annual instalment
e=5%. The costs are expressed in present values, so the mark date is the moment of decision. The global
costs of the two systems are obtained by adding the actualized values of the costs from the positions 2,4,5,6,
minus row 3, during a 20 years period.
1. The analyze period 20 years
2. Actualized value of the initial costs:
Because it is considered that these sums are registered at mark date, the actualization isn’t necessary. In
conclusion:
70.000 Euro x 1 = 70.000 Euro and 50.000 Euro x 1 = 50.000 Euro
3. The actualized value of the unexpended value:
The actualization corresponding factor is F2 for a = 10% and t = 20 years and it is requested the present
value of the respective sum. So, for the conventional system:
4000 Euro x 0,149 = 596 Euro
For the mix system, it is considered that there is no unexpended value after 20 years.
4. The actualized value of maintenance and repairing costs:
It has been considered from this point of view that there are no differences between the two variants and
that is why that component it was eliminated from the calculation of global cost at both variants.
5. The actualized value of the replacement cost:
The actualization corresponding factor for a = 10% and t = 15 years is F2 and it is requested the present
value of the replacement cost. So, for the conventional system: 2000 Euro x 0,231 = 462 Euro
6. The actualized value of fuel cost:
The actualization corresponding factor is F7=32.95 for a = 10%, t = 20 years and e = 5%.
so, for the mix system: 1 200 Euro x 32.95 = 39 540 Euro and for the conventional system: 2 160 Euro x
32.95 = 71172 Euro
The global cost of the mix system in actualized values will be:
GC1= 70000 Euro + 0 + 0 + 39540 Euro – 0 = 109 540 Euro
The global cost of the conventional system in actualized values will be:
GC2 = 50.000 Euro + 0 + 462 Euro + 71172 - 596 Euro = 121 038 Euro
In conclusion the results shows that the mix system (GC1) is more advantageous than the conventional
(GC2) one although it costs more than initially because of mainly the reduced consume of fuel (GC1 < GC2).

4.2 The calculation of global costs for a residential house with ground floor and 1 single floor
In the table 3 are presented the initial data related to the two variants of residential house analysed using the
global cost.
The two variants analyzed are:
-V1: house P+1E, S=200mp, rehabilitated thermal, with combined heating system (conventional sun + energy)
-V2: house P+1E, S=200mp, unrehabilitated thermal, with conventional heating system
- Costs of structure 500 Euro/mp;
- Costs of thermal rehabilitation 20 Euro/mp;
- Costs of heating system 350Euro/mp / mix system;
- Costs of heating system 250Euro/mp / conventional system;
- Cost of functioning energy 80 Euro/month/ with rehabilitation/mix system;
- Cost of functioning energy 180 Euro/month/ without rehabilitation /conventional system.
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Table 3. Initial data for the analyzed residential houses
No Initial Data
V1: house G + 1F, S=200mp, rehabilitated
.
thermal, with combined heating system
Variants
(conventional sun +energy)
Structure
Thermal rehaMix sysbilitation
tem
1
The analyze pe20
20
20 years
riod
years
years
2
Initial value
100 000
4 000
70000
Euro
Euro
Euro
3
Unexpended
80 000
value
Euro
4
Costs for main5 000
3 000
tenance and reEuro
Euro
pairing
5
Replacement
Costs
6
Cost of functioning energy
960 Euro/ year

V2: house G+1F, S=200mp, unrehabilitated thermal, with conventional heating system
Structure Conventional system
20
years
100 000
Euro
80 000
Euro
5 000
Euro

20
years
50 000
Euro
4 000
Euro
3 000
Euro

-

-

2160 Euro/ year

Auxiliary data of calculation :
It is supposed that the actualization interest is a=10%, and the fuel cost rises with an annual
instalment e=5%. The costs are expressed in present values, so the mark date is the moment of
decision.
The global costs of the two systems are obtained by adding the actualized values of the costs
from the positions 2,4,5,6, minus row 3, during a 20 years period.
1.The analyze period 20 years
2.Actualized value of the initial costs:
Because it is considered that these sums are registered at mark date, the actualization isn’t
necessary. In conclusion: 174.000 Euro x 1 = 174.000 Euro and 150.000 Euro x 1 = 150.000
Euro
3.The actualized value of the unexpended value:
The actualization corresponding factor is F2 for a = 10% and t = 20 years and it is requested
the present value of the respective sum. So, for the V1:
80 000 Euro x 0,149 = 11 928 Euro
and for the V2:
84 000 Euro x 0,149 = 12 516 Euro
For the mix system, it is considered that there is no unexpended value after 20 years.
4.The actualized value of maintenance and repairing costs:
It has been considered from this point of view that there are no differences between the two
variants and that is why that component it was eliminated from the calculation of global cost at
both variants.
5.The actualized value of the replacement cost:
It has been considered from this point of view that there are no differences between the two
variants and that is why that component it was eliminated from the calculation of global cost at
both variants.
6.The actualized value of fuel cost:
The actualization corresponding factor is F7=32.95 for a = 10%, t = 20 years and e = 5%.
So, for the V1: 960 Euro x 32.95 = 31 632 Euro
and for the V2: 2160 Euro x 32.95 = 71 172 Euro
The global cost of the V1 in actualized values will be:
GC1= 174 000 Euro +0+ 0 + 31632 Euro -11928 Euro = 193 704 Euro
The global cost of the V2 in actualized values will be:
GC2= 150.000 Euro + 0 +0+71172 Euro -12516 Euro = 208 656 Euro
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In conclusion the results shows that the V1 is more advantageous than the V2 one although it
costs more than initially – because of-mainly-the reduced consume of fuel (GC1 < GC2 ).
4.3 The calculation of global costs for a residential house (hypothetic values)
Listing the categories included in the initial costs it isn’t limitative: if “the client” requests the
inclusion of other categories considered relevant (social costs, for example) may be included.
Also, the list regarding the further costs isn’t limitative and doesn’t have to be considered as
an obligation for all the applications. For the houses, for example, may be important the expenses for maintenance and repairing of the installations; for administrative buildings an important cost may be for enlightening, and for a student house the expenses for cleaning and maintenance of common places.
Table 4. Initial data used to computing the global costs of residential house
Initial data:
Structure
Investment cost (Euro)
100.000
Period of resistance (years)
50
Average instalment of price rising during the use
8%
Replacement number
0
Year of replacements
The cost of replacement
Initial capital (including the advance payment of property taxes):29.505
Number of loans: 1
% of total cost: 75%, results 78.750
The annual rate of increase: 12%
The period of credit: 30 years
Number of payments/year: 12
Exploitation and maintenance costs
● Current costs: annually: 500 euro
The increase instalment of the annually current costs:6%
● Current costs: non-annually:
Nr. Year
The increase instalment of the non-annually current costs:6%
1
5
2
10
3
15
4
20
5
25
●Costs for energy
Annual costs for electricity: 2000
The annual rate of increase: 10% for the first 5 years
6% for the next 25 years
Auxiliary calculation data of GC:
Studying period: 30 years
Annual actualization rate (including the inflation): 12%
Property fee (nominal): 2%

Heating installations
5.000
15
6%
1
16
5.000

Sum
1000
1000
1000
1000
1000

Handling the problem: Actualized values
A. Initial capital (including the property fee in advance): 29.505 €
B. Further capital (adding interest):
82.518 €
C. Maintenance and exploitation costs:
66.061 € from which:
● Current annual costs
7. 140 €
● non-annual current costs
2. 359 €
● electricity costs
33. 614 €
● property fees
22. 948 €
D. Replacement costs
2. 224 €
E. Payments regulations
40.150 €
F. The unexpended value at the end of the period 16.889 €

3.59

G. The global cost of the project (A + B + C + D –E - F) = 123.289 €
Table 5. Comparative analyze of global costs for houses
Initial capital
Advance- the property fee
Subtotal
Further capital (adding interest)
Maintenance and exploitation current costs
annual and non-annual
Property fees
Electricity costs
Replacement costs
Payments regulations
The unexpended value at the end of the period
GLOBAL COST

Variant 1 [€]
27.825
1.680
29.505
82.518
9.499

Variant 2 [€]
28.620
1.728
30.348
84.875
9.499

22.948
33.614
2.244
-40.150
-16.889
123.289

23.526
26.891
2.693
-41.271
-17.245
119.316

5 CONCLUSIONS
Applying correctly the method GC needs, excepting the acknowledgment of calculation principle also the following of some methodological rules, which, mainly are the following ones:
The Global Cost it is applicable at project level, no matter if this refers to new investments or
rehabilitations, modernizations, complete repairing, environmental protection in order to offer
the chance to select the most advantageous variant, also from the point of view of initial prices
as for the further ones.
The global cost is in discussion only when taking the decision to invest only as the result of
comparison between two or more variants, and will be choused the one with minimum global
cost
If the analyzed variants differ among them from the point of view of resistance, the horizon
of time or period it is established so that to correspond with the longer resistance. This rule it is
applicable especially when analyzing the solutions on parts of the object and supposes the introduction of the expenses of replacement for the solution with shorter resistance.
The global cost it is applicable only at projects with the same functionality.
For example will be compared among them the projects for the houses but it can’t be established based on this method what is more advantageous to be build with a given budget: an assembly of houses or a school.
The category of construction objects which may constitute theme of the analyzed projects
may be buildings or engineering constructions, the method being comparable also for application at analyze of some partial solutions as of the construction as an assembly.
The global cost applicable in any existence stage of the construction objects, or in other
words, no matter of the invested works category: new investments, complete repairing, modernizations, rehabilitations.
REFERENCES

L. Berevoescu, V. Stoian, D. Dan - Applications of method of global costs, Scientific bulletin of
”Politehnica” University of Timişoara, Tom 52 (66)/2007, p51-58
J., Suler C.P.A., Guideline regarding the application of global cost in construction field. General Department of scientific research and constructions economy. The Institute for Research in Constructions
- INCERC Bucharest, 2005

3.60
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in Turkey from the viewpoint of improvement of comfort in
houses
O. Yilmaz Karaman & M. Altin
Dokuz Eylul University, Faculty of Architecture, Izmir, Turkey

ABSTRACT: Having the optimum comfort conditions in built environment is one of the most
important issues of architecture. To be able to obtain best results, the right decisions need to be
considered at the beginning of the design process. Then, with right material selection and proper
installation, it is possible to obtain optimum solutions. Also, techniques for the improvement of
the comfort in buildings as well as the techniques for the improvement of the environmental
performance of buildings and infrastructures are important issues of sustainable construction design. Building envelope is very important for protecting the interior against negative environmental effects and roof construction is one of the most important part of the envelope. With this
idea, in this paper, it is aimed to compare and evaluate the roof constructions that are widely in
use in Turkey in terms of amounts of materials used, sound and thermal insulation values and
cost.
1 INTRODUCTION
Roof construction is considered as an important part of the exterior envelope of any kind of
building. Mostly the main expectation for a roof is to protect the building against water (rain
and snow). Wind, heat and noise are other important environmental effects that the roof is supposed to protect the building from.
1.1 Design considerations for roof constructions
Roofs used to be simple. The structure had to be sufficiently sloped to allow water to run off.
Today, millions of square meters of residential and non-residential roofs are covered with water
shedding or weatherproofing assemblies. A roof assembly contains a roof system over a roof
deck. The roof system is defined as having the elements, which cover, protect and insulate the
roof surface of a structure against the external environment. Roof systems vary from the traditional types (e.g., shingles for sloping roofs and built-up roofing (BUR) for flat roofs) to the
nontraditional roofing materials. They also vary in the method by which the covering has been
put down. The conventional method is to have the covering (e.g., membrane) above the insulation and exposed to the environment. Alternatively, in a protected system, the covering is directly above the deck and be covered with the insulation (Paroli, Dutt & Frégeau, 1997).
Roofs are also grouped as vented or unvented. In cold climates, the primary purpose of attic
ventilation is to maintain a cold roof temperature to avoid ice dams created by melting snow,
and to vent moisture that moves from the conditioned space to the attic. Melted snow, in this
case, is caused by heat loss from the conditioned space. In hot climates, the primary purpose of
attic ventilation is to expel solar heated hot air from the attic to lessen the building cooling load
(Building Science Consulting, 2004).
The sound insulation of a pitched roof depends mainly upon the mass of the ceiling and the
roof layers and the presence of a sound absorbing material in the roof space. Mineral wool, used
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as thermal insulation, will also provide acoustic absorption. Where it is necessary to ventilate
the roof space, it is advisable to make any necessary improvements to the sound insulation by
increasing the mass of the ceiling layer, which should be airtight (Draft Approved Document E,
2000)
1.2 Sustainable roof design
Also, nowadays mostly because of the climate changes, sustainable design is becoming one of
the criteria of roof design as well as the other elements of a building. A sustainable roof is defined as: “A roof system that is designed, constructed, maintained, rehabilitated and demolished
with an emphasis throughout its life cycle on using natural resources efficiently and preserving
the global environment” (Hutchinson, 2004).
Also in the same article Hutchinson describes the principles of sustainable roof design:
Minimize the burden on the environment
1. Use products made from raw materials whose extraction is least damaging to the environment.
2. Adopt systems and working practices that minimize waste.
3. Avoid products that result in hazardous waste.
4. Recognize regional climatic and geographical factors.
5. Where logical, use products that could be reused or recycled.
6. Promote the use of "green roof systems" supporting vegetation, especially on city
roofs.
7. Consider roof system designs that ease the sorting and salvage of materials at the end
of the life of a roof system.
Conserve energy
8. Optimize the real thermal performance of roof systems, recognizing thermal insulation can greatly reduce heating or cooling costs during the lifetime of a building.
9. Keep insulation dry to maintain thermal performance and the durability of a roof system.
10. Use local labor, materials and services when practical to reduce transportation.
11. Recognize embodied energy values are a useful measure for comparing alternative
constructions.
12. Consider the roof surface color and texture with regard to climate and the effect on
energy and roof system performance.
Extend roof system life span
13. Employ designers, suppliers, contractors, trades people and facility managers who
adequately are trained and have appropriate skills.
14. Adopt a responsible approach to design, recognizing the value of a robust and durable roof system.
15. Recognize the importance of a properly supported structure.
16. Provide effective drainage to avoid ponding.
17. Minimize the number of penetrations through a roof system.
18. Ensure that high maintenance items are accessible for repair or replacement.
19. Monitor roofing works in progress, and take corrective action as necessary.
20. Control access onto completed roof systems to reduce punctures and other damage by
providing defined walkways and temporary protection.
21. Adopt preventative maintenance with periodic inspections and timely repairs.
With this idea, there are new approaches to roof design, such as garden roofs, reflective roofs
and roof-mounted photovoltaics. But these examples are not the subject of this paper, since they
are not widely in use in Turkey.
2 DEFINITION OF CASE STUDY
In this paper it is aimed to look at and compare the roofing systems, which are widely in use in
Turkey, especially for the residential buildings, in terms of effective use of materials and cost.
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With this idea, the simple weekend house is designed (Figure 1) and three different types of roof
construction are considered without changing the rectangular plan of the house.

Figure 1. Plan of the weekend house

2.1 Roof type 1(R01)
Usually, in residential buildings that are built in Turkey, reinforced concrete floor is covering
the house and there is a second wooden construction on the slab. The wooden elements (studs
and joists) are used to provide proper slope to allow water to run off. Tiles are very common as
a finishing layer on the roof. And classical tiles that are described in Turkish standards needs the
minimum slope of %33. Since the regulation TS 825, which is about thermal comfort in buildings, is started to apply for all buildings, the thermal insulation layer is added on top of the timber boarding or concrete slab to fulfillment the values that compulsory according to the regulation.
So, roof type 1 (R01) is designed as described above with a concrete slab and timber frame
on it (Figure 2). The slope of the roof is %33. The frame consists of 10/10 cm studs, 10/10 cm
primary joists, and 5/10 cm secondary joists, the timber boarding of 2 cm thick. There is a thermal insulation layer (5 cm xps) on top of the timber boarding, the section of the insulation panels allow the tiles installed on it without any other material.

Figure 2. Roof Type 1 (R01)

2.2 Roof type 2(R02)
It is also possible; to construct the roof with triangle frames that are carrying the roof coverings
without the flat reinforced concrete slab. These kinds of frame roofs are not common, as they
need more careful workmanship, since the construction can be seen inside the home. But on the
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other hand, the architectural preferences, such as increase of the volume of the house, the feeling of warmth that wood gives inside make such a roof an alternative. So, the roof type 2 (R02)
is designed as a frame construction (Figure 3).

Figure 3. Roof Type 2 (R02)

The frame span is 5.30 m, and like the roof type 1 the section of the main elements is 10/10
cm, secondary joists have the section dimension of 5/10 cm. With this type of roof design, the
roof space is part of the interior space. The thermal insulation layer is same as the roof type 1,
5 cm thick xps panels are installed on the timber boarding.
2.3 Roof type 3(R03)
Nowadays, terrace-roofing examples are more popular, because they do not need an extra timber construction. So, roof type 3 (R03) is designed as terrace roofing (Figure 4). The slope that
is needed for water to run off is obtained by installing an extra sloped (%3-5) concrete layer on
reinforced concrete floor. Then, the waterproofing layers and thermal insulation layer, which is
needed to be pressure durable, are installed. Top layer is supposed to protect the entire insulation layer against external forces (uhv rays, wind, rain...etc.). If it is not necessary to walk on the
floor, usually a gravel layer of 50 mm is applied on the top of the terrace roofing. But, this kind
of unvented roofing can cause some insulation problems if it is not installed carefully.

Figure 4. Terrace roofing (R03)
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3 EVALUATION CRITERIA
The criteria for the selected roof constructions are; amount of used materials (timber and concrete), sound transmission loss R (dB), thermal insulation performance U (W/m2K) and total
cost of construction.
3.1 Amount of used materials
For constructions, it is aimed to solve the problem with the minimum use of materials. By this
way it is possible to obtain optimum solution. The effective use of materials is also important
for a sustainable design or product.
3.2 Sound transmission loss
One of the most important criteria for a healthy environment is living in acceptable noise levels.
Envelope of the building has the main role, against external noise sources, which increase day
by day, to obtain less noisy indoor environments. Roof construction, as a part of envelope, must
be designed by considering the sound insulation.
To calculate sound transmission loss of the selected roofs equation 1 is used. Increase of the
R value means better sound insulation.
Rw = 15.4 x logm + 10

(1)

m: mass per unit area, (kg/m²)
3.3 Thermal insulation
Thermal insulation is defined in National Insulation Standards of Canada as: those materials or
combinations of materials which retard the flow of heat energy by performing one or more of
the following functions:
1. Conserve energy by reducing heat loss or gain.
2. Control surface temperatures for personnel protection and comfort.
3. Facilitate temperature control of process.
4. Prevent vapor flow and water condensation on cold surfaces.
5. Increase operating efficiency of heating/ventilating/cooling, plumbing, steam, process and
power systems found in commercial and industrial installations.
6. Prevent or reduce damage to equipment from exposure to fire or corrosive atmospheres.
7. Assist mechanical systems in meeting criteria in food and cosmetic plants.
8. Reduce emissions of pollutants to the atmosphere.
In this study, we aimed to evaluate the roof constructions also from the point of view thermal
insulation. To achieve this, the thermal transmittance (U) value (the overall conductance of heat
flow through an assembly) of roof constructions are calculated and compared.
3.4 Cost
There is also another important criterion for selecting a roof construction: “Cost”. Sometimes, it
is considered as most important criterion for selection of a construction. Therefore, to be able to
have a general idea, total cost of the selected roofs is calculated.
4 EVALUATION
Table 1 is showing the results calculated according to the selected criteria.
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Table 1. Comparison of selected roof constructions
roof type
amount of used materials
U (Wm2/K)

R01
R02
R03

wood (m3)

concrete (m3 )

4,27
4,68
-

6,4
1,4
9,9

0,49
0,51
0,52

Sound transmission loss
(dB)

Cost (€)

48
35
49

4436
4717
2464

When we look at the table, it is seen that maximum concrete use is for R03. On the other
hand, it can be built with the minimum cost by comparing the other roof types. Although the
amount of used timber is close and the amount of concrete is much more than R02, cost of the
R01 is better. The most expensive roof construction is R02. It is mostly because of the cost of
the timber that is used for construction. As mentioned before, the used timber must be first quality, since the timber frame carry the whole roof loads, and the construction can be seen inside.
But, in R01, the main load-bearing element is reinforced concrete slab, and the timber elements
cannot be seen from inside. So, it is possible to use second quality timber for R01. On the other
hand, the workmanship cost of R02 is more than R01. These factors make the R02 most expensive construction.
In addition to being expensive, the sound insulation value of the construction is very low.
That is because of the low mass value of roof materials. To improve the sound insulation value
it is necessary to increase the mass of the construction and select different insulation materials
like mineral wool instead of extruded polystyrene. R03 has the best sound transmission performance due to the fact that the weight, therefore the mass (m) of used concrete is more than
others.
Also R01 has the best thermal insulation performance. Because, the less the U value, the better the thermal insulation. The advantage of R01 roof is that it has also a ventilation space in addition to thermal insulation layer.
5 CONCLUSIONS AND FUTURE REMARKS
Considering Table 1, it can be said that terrace roofing has becoming more popular because it is
a construction that meets the requirements and has the minimum investment cost. On the other
hand the fact that it needs very careful installation and the high amount of concrete use are disadvantages of terrace roofing from the point of view sustainability.
In this paper a small comparison is tried to be held. Although some results have already been
achieved, the study can be widened with more examples and more evaluation criteria such as
LCA, LCC, etc. And also the cost of repair and maintenance, and the service life of the constructions will be considered in future study.
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Identifying Areas for Optimisation of Water Management at the
Building and Urban Level
G. Assefa
KTH, Stockholm, Sweden

ABSTRACT: As the first important step towards establishing guidelines for optimization of water management, this paper aims at identifying the potential areas of where water can be saved
effectively and significantly. To avoid sub-optimization water saving measures should be developed through a holistic approach that focuses at individual buildings while considering a
broader view of urban areas with some district-level activities in between. The first step is to set
a well-defined system boundary and refine delimitations of what should be included and excluded. Building types such as residential buildings, offices and other buildings (e.g. school)
will be covered. At the level of residential buildings unique features of detached villas, multifamily apartment flats as well terrace houses will be accounted for. To a required extent, the
downstream component of the wastewater systems will be included. The basis of analysis is optimization of the per capita use of water. The approach in identifying the areas of possible optimization is a need-based approach the core part of which will be defining water functions such
as drinking, cooking, washing, shower, bathing, laundry, flushing, gardening, etc. For each area,
relevant stakeholders such as operators of water treatment plants, municipal authorities, investors, developers, constructors, real estate managers and household occupants will be identified.
The technical dimension of optimization at the level of water supply system, water distribution
network as well as water saving fittings will be discussed. On the other hand, the social aspects
of issues such as habit (lifestyle), individual behaviour, number of residents per flat, etc will be
explored in the paper.
1 INTRODUCTION
Water forms one important part of the material metabolism of buildings. The relatively longer
life time of buildings and thee variety of purposes it is used for makes buildings one of the
highest consumers of water.
Holistic approach is required to have a full picture of both the amount of water that is flowing in
as well as the quality and quantity of the wastewater that leaves buildings.
Designers and developers can influence this by acting early in the design phase in terms of
choice of fixtures and fittings that account for lesser water consumed and cleaner wastewater.
There is a need to understand current performance of water use in buildings and urban areas.
This will help to establish a baseline, set goals, and measure progress.
The overall objective is to reduce the average water (per person per day). Different measures
leading to this goal can be done at different levels from city/town level to individual building
level. It is important to consider water consumption for different types of buildings namely
public, commercial or industrial buildings and residential buildings. The residential type covers
flats, villas or terrace houses.
The change in the water use will obviously have an influence on the wastewater part. Hence,
there is a need to take specific measures that particularly address the wastewater.
The reduction of the total amount of water consumed can be realized through local recirculation and reuse of the water used for one purpose to the same or another purpose.
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2 WATER FUNCTIONS
In order to look at the overall water use system and thereby identify weak links and develop improvement strategies, it is necessary to follow a needs-based approach that starts with defining
water functions.
This will help in characterizing different types of water quality for different purposes thereby
addressing overall resource efficiency.
The following water functions are identified capturing the different use of water in a building.
Drinking
The quality of water for drinking is of high standard characterized by organoleptic and physicochemical parameters.
Cooking
Here, the same level of quality as drinking water.
Washing
For dish washing for example the quality of water is not the same as for drinking and cooking
but still of higher quality.
Shower
The quality of water used for shower need not to be the same as the high quality drinking water.
This is where use of hot water is also important.
Bathing
This requires the same as the quality of water used for shower. There is a difference in the
amount of water used for shower and bathing.
Laundry
The quality of water for laundry purposes is not the same as the ones for the aforementioned
functions.
Flushing
Lowest quality of water can be used for flushing.
Gardening
Depending on the types of plants in the garden, low quality water can be used.
The purpose of identifying the functions and the corresponding quality requirements is to avoid
wasting high quality drinking water in meeting functions such as flushing gardening that can be
done with lower quality water. For example greywater can be used for flushing and gardening.
Wherever possible, harvested rain water can be utilized for meeting functions of higher quality.
3 CURRENT STATUS
The consumption of water in different buildings is a function of different factors such as technical design of the buildings as well as the behaviour of the occupants. It is different from country
to country and from building type to a building type.
Commercial buildings use close to 20% of US drinking water supplies. Reducing total commercial building water consumption by just 10% would mean saving well over 4 billion m3 of water each year (Energy Star, 2008). In Australia, the commercial sector uses around 21% to 30%
of the total potable water use in Australian urban centres (Corr et al, 2008).
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Fig. 1 and Fig. 2 show measured water use in flats and villas in Sweden respectively as researched by Swedish Energy Agency.

Figure 1 Measured water use in flats in Sweden (Johansson, 2007)

Figure 2 Measured water use in villas in Sweden (Johansson , 2007)
The research by the Swedish Energy Agency included also the determination of total use of water and the use of hot water in villas and flats in Sweden. The results are as depicted in Table 1.
Table 1. Water use in villas and flats in Sweden (based on Johansson, 2007)
Total use include flushing
Hot water
[liter per day (m3 per year)]
[liter per day (m3 per year)]
Villa
56 (20)
31 (11)
Flats
82 (30)
50 (18)

Table 2 show the use of water for toilet, washing machine, dishwater, shower and bath in England and Wales, Finland, France and Germany.
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Table 2. Different use of water in four European countries (based on Lallana et al, 2001)
England and Wales

Finland

France

Germany

9.5

6

9

9

80

74-117

75

72-90

35

25

24

27-47

35

60

16 l/minute

30-50

80

150-200

100

120-150

Toilet [liter per flush]

Washing machine [liter per cycle]
Dishwasher [liter per cycle]

Shower [liter per cycle]

Bath [liter per bath]

4 AREAS OF OPTIMIZATION
The selection of the measures for reducing water consumption can be done using different criteria covering environmental indicators, economic indicators, and social indicators.
There are two points of entry namely technical and social.
The technical point of entry covers water supply system, water distribution network and watersaving fittings.
The social point of entry considers life style, individual behaviour and the number of residents
per flat, etc.
The system clusters include existing well established systems, state-of-the-art new systems and
future systems. The source of information is based on what is going on in the practice and research world.
4.1 At the building level
Information is important to help users benchmark their water use over time. US EPA’s water
tracking system lets users track water use and bills in four major categories (EPA, 2008):
 Indoor use
 Outdoor use
 Combined indoor/outdoor
 Wastewater
EPA ultimately plans to develop a rating system for water efficiency similar to the national energy performance rating system (EPA, 2008).
An immediate step is to replace inefficient toilets and faucets with more water-efficient models.
This covers washing machines, dishwashers, flow controllers, water closet fixtures, showers,
tap equipment intended for use over a kitchen sink, bathroom basin, laundry tub or ablution
trough and urinal equipment.
On the outdoor part, measures targeting the use of water for auto, cleaning, gardening, greywater systems, household plumbing, pools and spas and rainwater harvesting can be of significant contribution (EPA, 2008).
An advanced level is to design buildings to reduce water consumption through efficient plumbing fixtures, hot water delivery, appliances, landscape design, and irrigation systems.
The use of dual-flush toilets and waterless toilets significantly reduces water use in buildings.
Compare to a single flush of 13 litres, the most common dual-flush toilet is the 6 litre full
flush/3 litre half flush, although a 4.5/3 litres dual-flush toilet is also available (Corr et al, 2008).
In commercial and public buildings, vacuum toilets are one of the alternatives that should be
considered. Urine-separating toilets reduce the nutrient load on the wastewater treatment system
as 90% of the nutrients in human waste are in the urine (White, 2001 as cited in Corr et al,
2008).
A shift from trough or gutter-type urinals in public buildings to sensor operated urinals and waterless urinal is a significant improvement in terms of reducing water consumption.
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4.2 At the city or town level
This level is where there is a possibility to address the building stock in general including the
distribution system.
The system should incorporate a hot water distribution system that decreases the amount of time
it takes for hot water to reach the faucet or shower. Currently, waiting for hot water wastes large
amount of water per year.
Pressure regulator valves should be installed downstream of the water meter to reduce the pressure of the water going into the home. This reduces the maximum water flow from fixtures and
the likelihood of leaking pipes and hoses.
The use of combined water-efficient fixtures and practices can be used to reduce the amount of
water used by approximately 20 percent (EPA, 2008).
At the city district level, a planning, designing and management model known as the Hammarby
model can be used as inspiration.
4.3 Hammarby model
Hammarby Sjöstad (HS) is Stockholm’s biggest urban development project which will, once
fully built by 2015, have 11 ,000 residential units for just over 25,000 people and a total of
about 35,000 people will live and work in the area. It is a showcase of converting an old industrial and harbour area of small scale industrial buildings that consisted of corrugated steel shacks
with into a modern neighbourhood. This old “shantytown” was demolished in 1998 paving the
way for the HS project starting with some kind of soil decontamination. A decontamination
project from one part of the area has removed a soil containing 130 tonnes of oils and grease,
and 180 tonnes of heavy metals (Hammarby Sjöstad, 2007).
The project has an overarching goal of achieving twice as good environmental performance as
areas built in the early 1990s.
Water use
One of the goals set by HS is to reduce water consumption by 50% from 200 litres/person/day
which is normally used in Stockholm to 100 litres/person/day.
With the help of water-saving and energy efficient installations such as washing machines and
dishwashers, low flush toilets and air mixer taps, consumption level at HS is currently approximately 150 litres/person/day (Hammarby Sjöstad, 2007).
Wastewater and storm water lines
The buildings and infrastructure at HS have been planned and built paying attention to meeting
the environmental goal through the choice of construction and building materials, and the processing of wastewater and refuse, etc. This includes avoiding the use of certain metals and plastics in the buildings, ensuring that rainwater and snowmelt are treated and drained separately,
and providing residents with information, for example on the use of eco-labelled household
chemicals. This concerted effort aims at ensuring that households’ wastewater is relatively
clean.
The wastewater that goes to the local wastewater treatment plant comes solely from households
and businesses in the area, not from storm water and industries.
All storm water, rainwater and snowmelt is treated locally in a variety of ways. Storm water
from developed areas is infiltrated into the ground. Storm water from streets with more than
8,000 vehicles per day shall be treated locally. The idea is that this water shall be connected to
the storm water network and not to the wastewater network.
The water is also allowed to remain in the tanks for several hours, to allow the contaminants to
settle to the bottom, and is then drained out into different canals. The water runs from the sur-
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rounding buildings and courtyards via numerous small gutters and is then carried on to Hammarby lake through a water ladder. There is also an open storm water basin where the surface of
the water can be seen. Here, the soil and plants in the area can handle the contaminants from
storm water when it sinks down into the ground water.
The green roofs seen on some of the buildings are another link in the local storm water treatment chain. Their task is to collect the rainwater, delay it and evaporate it. At the same time, the
small, dense sedum plants feature living green areas in the cityscape.
The fact that storm water is channelled and treated as mentioned above guarantees that the
wastewater contains a minimum of contaminants making it relatively easier for treatment and
for recovery of nutrients.
Goals for wastewater
HS has set goals for phosphorous, nitrogen, and heavy metals and other hazardous substances.
One goal is rendering 95% of the phosphorus in wastewater reusable on agricultural land resulting in the phosphorus content of the purified wastewater not exceeding 0.15 mg/litre with a corresponding goal for nitrogen content of 6 mg/litre(Hammarby Sjöstad, 2007).
With an overall goal of reducing the amount of contaminants being dispersed into the Stockholm archipelago via treated wastewater, reduction of heavy metals and non biodegradable
chemicals present in wastewater has been given a special attention. This will result in a better
quality of sludge making it usable for agricultural land. HS aims to make the quantity of heavy
metals and other environmentally harmful substances 50% lower in the wastewater from the
area than in the wastewater from the rest of Stockholm (Hammarby Sjöstad, 2007)..
As a methodology for assessing the energy and emissions implications of returning nitrogen to
agricultural land and of utilising the chemical energy present in the wastewater, life cycle assessment (LCA) is used.
Wastewater treatment
The starting point for the treatment of wastewater at HS is that the treated wastewater has to
meet exceptionally high standards. State-of-the-art chemical, physical and biological processes
that run as efficiently as possible are under test. The goal is both to treat the wastewater and to
recycle resources from the wastewater with as little input of external resources, such as electrical energy and chemicals, as possible.
At the wastewater treatment plant, organic material is separated out from the wastewater in the
form of sludge. The sludge is carried to large digestion tanks, where it is digested. Biogas is
produced during the digestion process. The biogas produced is primarily used as vehicle fuel in
inner city buses, garbage trucks and taxis. According to the HS project (Hammarby Sjöstad,
2007), biogas is also used in approximately 1,000 gas stoves in Hammarby Sjöstad.
The sludge from the digestion process is rich in phosphorus, and thus suitable for use as a fertiliser. It can be used on agricultural land and in the production of soil conditioners. The sludge
from HS is currently used as a fertiliser in the forestry industry, but the aim is to expand this usage to the agricultural sector as well.
On the other hand, sludge from the rest of Stockholm is transported to northern Sweden, where
they are used as filling material in mines that have been closed down.
5 CONCLUSIONS
Buildings can achieve significant energy savings through improved efficiency in the use of hot
water.
Tracking water use together with energy use enables better understanding of how both relate to
one another in order to make integrated management that increases overall efficiency. This can
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be used to verify savings from improvement projects in both energy and water systems
The choice of solutions should focus on workable combinations resulting in grand gains accounting for strong stakeholder involvement. The potential stakeholders are operators of water
treatment plants, municipal authorities, investors, property developers, constructors, real estate
managers and household occupants.
The design of new buildings and building areas should also consider the establishment of separate lines of water supply with higher quality for drinking, cooking and washing. The second
line supplies lower quality water for flushing, gardening etc where re-circulated greywater etc
can be used.
The overall optimization of the water use should consider all aspects of quantity and quality of
water both before it enters the building and when it leaves as a wastewater.
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INTRODUCTION
This chapter collects the contributions provided by the members of the Working Group 3
and it is focused on the theories and practices of life-time structural engineering. In
particular, the main issues related to the assessment of the life cycle performances by
means of verification methods for durability, maintenance and monitoring of constructions
are investigated.
Traditional design of most buildings is driven by the need to meet a set of minimum
criteria, including budget constraints, time scheduling, functionality requirements, safety
and energy regulations. This design process produces buildings that just meet these
minimum criteria. To achieve better or exceptional performances, the architect, designers
and the building owner, need to work together in a focused effort. Performance goals
provide direction to these efforts. Starting with goal setting in the design process, the easier
it is to implement and to obtain the best results.
Stillmann, in “Design life and the new Code”, defined the building life as different
things to different people at different times. Some parameters which play an important role
can be included, i.e.:
DURABILITY: Ability of the building and its parts to retain their performance
under the effect of agents over a given period
SERVICE LIFE: Actual period during which no unacceptable expenditure on
maintenance or repair is required
REQUIRED SERVICE LIFE: Specified period for the service life, e.g. as stated in
the client’s brief for a project.
Lifetime engineering is an innovative idea and a concretization of this idea for solving
the dilemma between a very long-term product and a short-term design, management and
maintenance planning is very important (Sarja 2004). Lifetime engineering includes:
- Lifetime investment planning and decision making;
- Integrated lifetime design;
- Integrated lifetime management and maintenance planning;
- Modernisation, reuse, recycling and disposal;
- End-of Life Management and;
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- Environmental monitoring and impact assessment.
The integrated lifetime engineering methodology is mainly related to the optimization
of construction performances over time and it is aimed to achieve specific requirements
over the entire life cycle.
With the aid of lifetime engineering it is possible to predict and optimize the human
condition requirements (i.e. functionality, safety, health and comfort) with the economic
aspects the ecology concerns and the structural performances of constructions. Beside that,
also social aspects should be taken into consideration.
The contributions provided in the following papers have been organized according to the
main issues of life time structural engineering as discussed before.
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.ABSTRACT: In this paper the methods of generating reliable durability and service life data are
discussed. They may be categorized as follows:
1. long-term aging tests,
2. tests performed in laboratories as combined with long-term aging tests, and
3. theoretical/analytic methods as combined with long-term aging tests and laboratory tests.
It is evident that all the above mentioned methods are needed to provide reliable durability and
service life data and to develop models for service life design. Usually reliable service life models can be developed only by combining field tests to some laboratory tests and/or theoretical/analytic modeling. Computer simulation might be a powerful tool in service life modeling
especially when the variations in environmental conditions, interaction between different degradation types and the effects of protective measures such as coatings need to be considered.
1 INTRODUCTION
Eurocode 0, Basis of structural design, emphasizes the importance of durability and service life
in today’s structural design. Eurocode 0 pushes the development towards service life design by
stating that the design working life should be specified and by imposing indicative service life
requirements for different categories of structures. For the design methods of service life Eurocode 0 does not take a position but it states that 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.
Whatever service life design methods are used in practical design degradation and service life
data is needed. In this paper the methods of provision for reliable service life data are discussed.
They may be categorized as follows:
1. Long-term aging tests
2. Tests performed in laboratories as combined with long-term aging tests and
3. Theoretical/analytic methods as combined with long-term aging tests and laboratory tests.
2 LONG-TERM AGING TESTS
Long-term aging tests generate data on long-term ageing under in-use conditions. Long-term aging tests are necessary for obtaining reliable degradation and service life data in an objective
way. Long-term aging tests can be divided into the following categories (ISO 15686-1):
1. Field exposure tests. This is the traditional way of exposing material specimens or components on racks and stands in specific environmental conditions. Large series of materials can
be tested in an exposure field.
2. Inspection of old buildings. The idea is to use the existing building stock to acquire reliable
service life data. However, the usefulness of the inspection data from old buildings may be
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limited by the difficulty of obtaining data on the history of the building and on the difficulty
in describing the initial material characteristics and the environmental conditions of the
items observed.
3. Experimental buildings. Specially for testing designed buildings which can expose specific
materials and components.
4. In-use exposure tests. Specimens can be exposed in buildings that have not been specifically
designed for experiment. This approach is necessary where degradation is directly related to
user actions and behavior.
To get more reliable data on degradation and service life of concrete structures new field tests
have been started in Nordic Countries in recent years. The purpose of these tests has been provision for real data on the chloride penetration rate into concrete, corrosion on reinforcement and
on frost scaling both in marine and motorway conditions. Other field tests in non-chloride environments have been conducted for providing data on carbonation, corrosion of reinforcement
and frost attack without salt.

Fig. 1 Field tests for concrete specimens beside a motorway near Kotka, Finland.

One of the most extensive long-term exposure programme has been carried out within the International Cooperative Programme on “Effects on Materials, including Historic and Cultural
Monuments” in the framework of the UN ECE convention on long range transboundary air pollution (Kucera 2004). The programme aimed at evaluating quantitatively the effect of air born
acidifying pollutants on the atmospheric corrosion of several materials (metallic and stone materials, paint coatings, electric contact materials, glass materials and polymeric materials.) The
programme involves field exposure at 39 sites in 12 European countries and in the United States
and in Canada (ISO/FDIS 15686-2, Annex A).
Long-term aging tests are a prerequisite for reliable degradation and service life data as eventually only the data obtained by field tests can be considered as “firm ground”. As such the importance of the field tests is self-evident. However, there may be serious problems in extending
the application of these data to other materials and to different environmental conditions than
those applied in the actual tests. To extend the application of the field test data beyond the limits
of the actual test may require supplementary tests either in laboratory or in field.
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There are also serious problems with field tests resulting from the fact that field tests are
long-lasting and expensive. That is why the need of service life data can never be satisfied by
field tests only. Other methods should be developed to generate reliable service life data more
quickly. Such more rapid methods may be accelerated tests performed in laboratories and application of theoretical/analytic modeling methods. However, both of them must be verified and
calibrated with observations from the field.
3 TESTS PERFORMED IN LABORATORIES AS COMBINED WITH LONG-TERM
AGING TESTS
To get data on the durability of materials and structures accelerated test methods have been
widely applied in different countries. Accordingly, many kinds of accelerated tests for material
testing are available. However, only a few of them are applicable to service life evaluation as
the relationship between the degradation rate in the test and the real in-use degradation rate is
not known. That is why when developing laboratory tests for service life evaluation the degradation rate of the material or component in in-use exposure conditions should be studied and related to the degradation rate in the test. The procedure which originally was proposed by
RILEM TC 71-PSL is presented in ISO 15686-1 and ISO 15686-2 as slightly modified. The
methodology presented in ISO 15686-2 is shown in Figure 2.
The ISO 15686 methodology contains the following phases:
1. Definition
2. Preparation
3. Pretesting
4. Aging exposure testing
5. Analysis and interpretation
Definition of the problem includes definition of the materials or structures to be studied, the
range of the study to be established, and identification or specification of essential data. Essential data may be user needs, performance requirements, building context, exposure classes and
materials characterization.
Preparation phase includes identification of possible degradation mechanisms and agents (exposure conditions). Also postulations are made on which performance tests are used in observing the degradation and on how the degradation can be accelerated without causing undesired
effects. When using accelerated short-term exposure care shall be taken to ensure that extreme
acceleration does not result in degradation mechanisms that would not be experienced in service.
Pretesting is based upon the postulates made above. By pretesting a confirmation to the degradation mechanisms, agents, selected test procedures and performance characteristics tests is
provided.
Testing of degradation is performed by observing and measuring
1. long-term degradation under in-use conditions (long-term-exposure) and
2. degradation under exposure conditions designed to accelerate the degradation (shortterm-exposure)
The ways to generate data on long-term aging under in-use conditions are the methods based
on experience (ref. chapter 2). Short-term exposure is carried out over a time period considerably shorter than the anticipated service-life. A short-term test may include operating at higher
intensities of accelerating exposure or only be based on a shortened exposure period but with
controlled exposure conditions. Accelerated exposure is usually designed from the information
obtained from the pretests.
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Figure1. Systematic methodology for service life prediction of building components (ISO 15686-2).

In the Analysis and Interpretation phases the results of the long-term-exposure tests are compared and related with the results of short-term tests. Consistencies and inconsistencies are used
to increase understanding. If there is little or no correlation between the results, the data should
be re-examined and the short-term tests may need to be altered. In case of high consistency between the results performance-over-time functions or dose-response functions can be formulated
by experts so that the results of the short-term tests can be used in prediction of service life.
Unfortunately very seldom accelerated tests are qualified for prediction of service life. There
are many reasons for this (Pommersheim & Clifton 1985):
1. In a laboratory the specimens are usually tested in conditions substantially different from
real outdoor conditions. As a result the relationship between the time in the test and service
life is obscured.
2. Factors affecting service life may be complex and not well known leading to biased test
configurations in laboratory.
3. Acceleration of the test may change the degradation mechanism of a material from that
found in in-service conditions.
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In normal outdoor weather the temperatures and moisture conditions vary within a day and
within a year very much. That is why it is almost impossible to arrange conditions in a laboratory that would completely correspond to the outdoor weather conditions.
This is especially true for degradation types that are based on phase transitions such as frost
damage. In natural weather conditions the possible frost damage of a structure is highly dependent on occasional periods of rain and sunshine leading to a complex variation of temperature
and moisture content inside the structure. The same also applies very much to chemical reactions such as carbonation and to electrochemical reactions such as corrosion.
That is why most laboratory tests can not give a firm basis for service life prediction. However, laboratory tests may be useful as they generate data on relative degradation rates between
materials. Laboratory tests can also be used in studying the relative degradation rates at different
temperatures and moisture contents. In air conditioned test rooms of a laboratory we can study
e.g. corrosion rate in constant temperature and moisture conditions, or carbonation rate on concrete in constant temperature, moisture content and CO2 content etc. This data can be utilised in
the degradation modelling based on a theoretical/analytic framework.
4 THEORETICAL/ANALYTIC METHODS AS COMBINED WITH LABORATORY
TESTS AND LONG-TERM AGING TESTS
The theoretical/analytic methods of durability and service life can be grouped as follows:
1. Theoretical/analytic modeling
2. Computer simulation.
Theoretical/analytic degradation modeling is based on general theories of diffusion, dissolution, convection, erosion, abrasion, chemical reaction, electrochemical corrosion, phase transition etc. Parameters to the theoretical framework are usually searched by experimental research
both in laboratory and in field. For a practically satisfactory model the parameters in the model
should be those commonly used in the design of structures.

Computer simulation refers to:
1. theoretical emulation of in-use climatic conditions,
2. determination of the temperature and moisture variations in a cross-section of a
concrete structure, and
3. application of temperature and moisture sensitive degradation models so that the
degradation over time and the service life can be predicted
4.1 Theoretical/analytic modeling

As an example of theoretical/analytic modeling of a simple degradation model carbonation of
concrete is chosen. The fact that the depth of carbonation is approximately proportional to the
square root of time can be theoretically derived by applying the diffusion theory with a ‘moving
boundary’. In this theory the carbon dioxide is diffused through the already carbonized layer of
concrete and reacts with the non-carbonated calcium minerals at the ‘moving boundary’, that is
at the distance of Xc (depth of carbonation) from the surface of a structure. The carbon dioxide
content between the surface and the moving boundary is assumed to be linear. Then the flux of
carbon dioxide towards the moving boundary can be evaluated as:

J=D

ΔC S
X carb

(1)

where
J is flux of carbon dioxide, g/m2s,
D the diffusion coefficient of concrete with respect to CO2, m2/s,
Xcarb distance of the moving carbonation boundary from the surface of the structure, m,
ΔCS =Cs-Cxc , kgCO2/m3,
CS CO2 content of air at the surface of concrete, kgCO2/m3, and
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Cxc CO2 content of air at the moving boundary, kgCO2/m3.
The carbon dioxide flux into concrete must be in balance with the rate of reaction occurring
at the boundary. The rate of reaction depends on the amount of non-carbonated calcium in concrete:

JR = a

(2)

dX carb
dt

where
JR is reaction rate of carbon dioxide, g/m2s,
a CO2-binding capacity of concrete, kgCO2/m3 and
t time, s.
By combining the above Equations 1 and 2 (J = JR) and integrating over time (XC = 0 when t
= 0), the following solution is obtained:
X Carb =

(3)

2 D ⋅ ΔC S ⋅ t
a

From Equation 3 it is seen that at constant conditions the depth of carbonation is proportional
to the square root of time. If ΔCs is constant in Equation 3, the equation can be presented in a
more simplified form as:

(4)

X Carb = k Carb t
where
kCarb is coefficient of carbonation, mm/a0.5.

The coefficient of carbonation can be studied experimentally in the laboratory at constant
moisture conditions and at constant temperature and for different mix designs of concrete. The
real carbonation in in-use conditions can be studied by field tests.
Another example of a typical degradation model is that developed for atmospheric corrosion
in metal structures (Klinesmith, McCuen R. & Albrecht 2007).
D

F

H

⎛ TOW ⎞ ⎛ SO2 ⎞ ⎛ Cl ⎞
J (T +T0 )
y (t ) = A ⋅ t B ⎜
⎟ ⋅ ⎜1 + ⎟ ⋅ e
⎟ ⋅ ⎜1 +
E ⎠ ⎝
G⎠
⎝ C ⎠ ⎝

(5)

where
y is corrosion loss, μm

t exposure time, years
TOW time of wetness, h/year
SO2 sulfur dioxide concentration, μg/m3
Cl chloride deposition rate, mg/m2/day
T air temperature, 0C
A, B, C, D, E, F, G, H, J and T0 are empirical parameters calibrated on the basis of the result
of long term exposure tests. The power function of t can be theoretically developed. The rate of
corrosion is declining (B < 1) because of the increasing oxide formation on the steel with the result of retarding diffusion through the layer. Further details on degradation models for metal
structures are discussed elsewhere (Cascini, Portioli & Landolfo 2007).
Stochastic models are usually extensions of the deterministic models. As the deterministic
models show the average or the expected value of degradation the stochastic models express
also the standard deviation or coefficient of variation by which the variation of degradation can
be evaluated. If the variation of the material, structural and environmental parameters of the
degradation model are known the variation of degradation can also be evaluated by calculation.
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The service life and/or the distribution of service life can be determined if the maximum allowable degradation is given.
The reliability of the simple theoretical/analytic models has suffered due to poor understanding on the effects of exposure which usually has been dealt with only by some exposure classification and "environmental coefficients". The exposure classification can, however, be considered an oversimplification as it cannot reflect the true effect of the local weather. Another
problem is the interaction between degradation types which is normally not dealt with simple
theoretical/analytic models. Still another problem is the effect of protective measures, such as
coatings, that normally is not considered in simple models. The answer to all these problems
might be computer simulation.
4.2 Computer simulation
Computer simulation offers a possibility to better manage the effects of weather exposure, interaction of degradation mechanisms and possible protective measures, such as coatings. The computer simulation utilizes theoretical/analytic degradation models as exemplified above. However
they are usually applied as differential approximations in order to take into account the momentary condition and exposure stresses of the structure.
For example, degradation is expressed in a general form as follows:

D(t ) = a ⋅ t n

(6)

where
D is degradation
a coefficient
n exponent of time, and
t time (years)
Both the coefficient a and the exponent n depend on temperature and moisture content. Then
the degradation function in computer simulation is used in its differential form as follows

ΔD(t ) = n(T , RH ) ⋅ a(T , RH ) ⋅ t n −1 ⋅ Δt

(7)

By this means the contribution of the time interval Δt is determined using the actual values of
temperature and relative humidity in parameters n and a. The total degradation is obtained by totaling the differential degradations during all intervals of Δt. Service life is determined as the
point of time when the allowable limit of degradation is exceeded.
By a computer simulation the thermal and moisture movements in structures are imitated
closely as they occur in natural environmental conditions. The simulation program calculates
hour by hour the temperature and moisture content in various points of a cross-section having
the real weather conditions or in-use conditions as initial data on the surfaces of the structure.
The weather is usually modeled based on long-term statistics of weather parameters such as
temperature, relative humidity, wind, rain and solar radiation. Alternatively the measured
weather data of a typical year are used as such.
The interaction between two degradation types depends on the occurrence of degradation on
a structure. The occurrence of degradation may be internal (cracking, weakening, loosing material internally) or external (surface scaling, eroding, material loss from the surface). In the former case the material parameters of the degradation process 1 are changed as a function of the
degree of degradation of the degradation process 2. For example the degradation Equation 5
would be changed as follows:

ΔD1 (t ) = n(T , RH ) ⋅ a (T , RH , D2 (t )) ⋅ t n −1 ⋅ Δt

(8)

where
D1 is degree of degradation of degradation type 1 and
D2 degree of degradation of degradation type 2
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If the degradation 2 is of external type the necessary modifications in the degradation equation can be derived theoretically (Vesikari 1998). For instance in the case of carbonation the
depth of carbonation Xcarb in Equation 1 is replaced by Xcarb – XErod. As a result to the following
differential approximation is obtained at time t:
ΔX Carb =

2
k Carb
1
⋅
⋅ Δt
2
X Carb (t ) − X Erod (t )

(9)

where
XErod is the depth of eroded concrete on the surface of the structure, m
The effects of coatings on the degradation rate can also be evaluated by computer simulation.
The coatings effect on the degradation of the substructure both directly and indirectly. The direct influence results from the diffusion barrier of the coating which retards the chemical and/or
electrochemical processes in the substructure. The indirect effect is the result of the different
moisture environment caused by the coating. The indirect effect may retard or promote the degradation depending on the case. The total effect when considering both the direct and indirect
effects may be difficult to evaluate without computer simulation. By computer simulation it is
also possible to take into account the degradation of the coating itself. The degradation impairs
the protective properties of the coating by time (Vesikari 2002).
5 CONCLUSIONS
It is evident that all possible methods are needed to provide reliable durability and service life
data and to develop models for service life design. Usually reliable service life models can be
developed only by combining field tests to some laboratory tests and theoretical/analytic modeling. Computer simulation might be a powerful tool in service life modeling when the variations
in environmental conditions, interaction between different degradation types and the effects of
protective measures such as coatings need to be considered.
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ABSTRACT: The aim of this paper is to present a state-of-the art report on service life design
methods with reference to bridges and civil engineering structures. The approach to durability
assessment and verification methods developed in the ISO Standards and the main references in
the scientific literature are discussed. The basic durability requirements reported in the structural
codes, as well as full probabilistic procedures, that take into account all basic variables with
their statistical properties, are considered. In particular, the limiting values method, the factor
method (ISO Series 15686), the semi-probabilistic dimensioning methods such as the lifetime
safety factor method and the alternative approaches proposed in the Fib Model Code on Service
Life Design are presented.

1 INTRODUCTION
The optimization of construction performances over the time is one of the most important goal
to achieve for the sustainable management of the built up environment. Nowadays, it is a common knowledge that the building sector is one of major consumer of non renewable raw materials and energy resources and the costs of management, maintenance, repair and refurbishment
account for a large part in the economy of a country (CIB 2004a). Indeed, service life prediction
methods and durability of construction have been deeply investigated in the last years. In the
Agenda21 on Sustainable Constructions (CIB 1999) the development of models for service life
predictions was considered as one of the challenges toward a sustainable construction, while in
the Construction Product Directive (CPD, European Union 1988) it is clearly stated that durability is an essential requirement for construction works (“Member States have provisions, including requirements, not only to building safety but also to health, durability, energy economy,
protection of the environment, and other aspects important in the public interest”).
During the 90s, the interest in research on durability of buildings and components has greatly
increased. Several reports, bulletins, papers and standards have been produced by renowned international organizations, such as the International Association for Building Materials and
Structures (RILEM), the International Council for Research and Innovation in Building Construction (CIB), the Fédération Internationale du Béton (fib), the International Organization for
Standardization (ISO). In order to give a short overview of the documents produced over the
years, a selection of references is presented in Table 1.
While the structural requirements together with the design and verification methods related to
mechanical safety are fully codified, the main European structural design codes give only qualitative and common provisions for durability. No mandatory design procedure is recommended
for the evaluation of the durability performances over time under different deterioration mechanisms. On the other hand, several design methods have been developed in the framework of international European research projects to cope with this lack of codification. As a matter of fact,
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several studies have been developed during the years but currently there is a gap between the
outcomes of the research and the day-to-day engineering practice. As a consequence, there is a
urgent need for the definition, at code level, of a standardized approach to durability design and
verifications of structures.
Table 1. Selected references for durability research and service life of constructions.
TITLE

EDITOR(S)

YEAR

Construction Products Directive
Guide to Durability of Buildings and Building Elements,
products and components
Guide for Service Life Planning of Buildings (English version)
Durability design of concrete structure

European Commission

1988

British Standards Institution

1992

Architectural Institute of Japan

1993

RILEM

1994

Guideline on Durability in Buildings

Canadian Standards Association

1995

Buildings and constructed assets. Service life planning.
Performance Based Methods for Service Life Prediction,
CIB Report Publication 294.
Guide and Bibliography to Service Life and Durability Research for Building Materials and Components, CIB Report
Publication 295.
Guidance Paper F: Durability and the Construction Products
Directive
Model code for service life design, bulletin 34

ISO

2000

CIB - RILEM

2004

CIB - RILEM

2004

European Commission

2004

fib

2006

ISO

2008

General principles on the design of structures for durability

With this regard, the International ISO Standard on the design of structure for durability (ISO
13823 2008) represents a first step towards the codification of service life methods. Even if the
Standard does not address a specific design procedure for different construction materials (no
specific models for the degradation neither numerical or reference values for the partial safety
factors to be applied are provided), it represents a first and important attempt to create a general
framework and a unification role in the field of verification of durability. In the following, the
approach developed in the ISO 13823, the basic requirements on durability reported in the
Eurocodes and the probabilistic approach developed by RILEM and fib are discussed.

2 SERVICE LIFE DESIGN METHODS
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.
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. In order to prevent the premature failure of a construction, the structural codes
provide several practical principles and application rules such as the use of protective systems
for material exposed in aggressive environment, the construction detailing aimed at avoiding the
initiation of degradation, the maintenance actions to be regularly performed etc.
Beside that, 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 (Sarja & Vesikari 1996, Sarja 2004, fib 2006). The
service life design methods developed so far 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). On the basis of the quality of input information (mainly concerning with the available degradation models), it is possible to distinguish among deterministic
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methods, usually based on building science principles, expert judgment and past experience,
which provide a simple estimation of the service life, and probabilistic methods. As for traditional structural design, different approaches can be used to evaluate the reliability against durability, namely:
•
•
•
•

Prescriptive approach (instructions and design rules are provided)
Deterministic approach (level 0)
Semi-probabilistic approach (partial safety factors are defined, level I methods)
Probabilistic approach (reliability structural analysis is performed, level III and II)

According to Sarja & Vesikari (1996) “deterministic durability models are used in deterministic
durability design where the scatter of degradation (or performance or service life) is not taken
into account. With known values of parameters the model yield only one value (of degradation
or performance or service life) which is often the mean value. In some cases, deterministic models are formulated to give an upper or lower fractile value instead of the mean. In many cases
the information yielded by deterministic models is insufficient to evaluate the risk of not reaching the target service life. Especially in the mechanical design of structures, stochastic design
methods are considered essential as the scatter due to degradation is normally wide and the degree of risk may be great".
The basic durability requirement can be expressed by means of service life tS versus design
life tD, according to equation (1). Service life is intended as the actual period of time during
which a structure fulfills the design performance requirement, while the design life is a specified
period of time during which the functioning of the element (the structure and/or a single component) is ensured without major repairs. The numerical value of the design life is usually specified in the structural codes (e.g. design working life in EN 1990:2002, indicative categories are
given such as 50 years for building structures and other common structures, 100 years for
monumental building structures, bridges and other civil engineering structures)

tS ≥ t D

(1)

In the current practice, structural design is performed according to semi probabilistic and full
probabilistic approach considering different limit states while for durability only general principles and application rules are provided. Indeed, the ISO Standard 13823 provides a general
framework to perform the verification of durability at different design levels. In this section the
approach developed in the ISO Standard 13823:2008 for the design of structures for durability
is presented. The Standard has been published in May 2008 resulting in a very useful and comprehensive guide for the design of durability. Structures subjected to foreseeable environmental
actions leading to a decrease of performances over time are covered. Mechanical actions producing deterioration are included, fatigue is neglected. Five informative annexes are included to
provide illustrative examples on the procedures defined in the Standard (limit state method, the
environmental actions causing degradation, the transfer mechanism from the macroenvironment to the structure level, the environmental actions for structural materials and their
control and procedures for ensuring durability). For the prediction of service life, three different
options are available. In particular, durability assessment shall be carried out according to past
experience, modeling and testing. As for modeling, conceptual and mathematical modeling are
defined.
Durability is defined as “the capability of a structure or any component to satisfy, with
planned maintenance, the design performance requirements over a specified period under the
influence of the environmental actions, or as a result of a self-aging process” and for the verification of durability the use of limit state method is recommended. The limit state method consists mainly in two steps: the definition and characterization of relevant degradation mechanism
that will likely act onto the structure and the verification of durability according to formula 1.
The first step involves the characterization of the structure environment, the identification of
the transfer mechanism and the definition of environmental actions. In particular, the environmental action that could lead to a loss of performance (damage, loss of resistance, displacements, aesthetic losses, etc.) is the result of the global environmental condition that, through a
transfer mechanism, transforms the atmospheric influences in a local attack. The structure envi-
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ronment is defined as the macro environment which the structure is located in and it comprises
outdoor or indoor atmosphere, the ground or the water. It could be characterized by different parameters such as the humidity level, rainfall intensity, pollutants and so on. Gravity, capillarity,
condensation, ventilation are some of the transfer mechanisms causing environmental actions.
In Table 2 an example of the characterization of relevant deterioration mechanisms according
to ISO 13823 is reported.
Table 2. Example of characterization of relevant deterioration mechanisms according to ISO 13823
MATERIAL

STRUCTURE ENVIRONMENT

TRANSFER MECHANISM

ENVIRONMENTAL
ACTION

Steel

Outdoor atmosphere

Condensation; no
drainage

Atmospheric corrosion

Reinforced
concrete

Outdoor/indoor atmosphere

Diffusion

Chloride attack

Wood

Ground

Direct exposure

Subterranean termites

ACTION
EFFECT

Thickness loss,
aesthetic loss, rust
expansion
Loss of bond, failure of reinforcement
Loss of material,
strength

Regardless of the adopted level of the analysis, the verification of durability requirements can
be performed either by service-life format or limit state format.
Service life format consists in defining tD and calculate the predicted service life.
In a full probabilistic approach the verification of durability consists in evaluate the probability
of failure and verify that it falls short of a target probability Ptarget (formula 2). The semiprobabilistic approach involve the definition of a characteristic value for the service life tsk and a
partial safety factor γS according to formula 3, while a deterministic verification of durability
consists in evaluate the numerical value of the predicted service life tSP and check the basic requirements through formula 4.

P (tS ≤ t D ) ≤ Pt arg et

tsk

(2)

≥ tD

(3)

tS = tSP ≥ t D

(4)

γS

As for limit state format, three limit states can be defined, namely ultimate limit state (ULS) if
the resistance R is equal or falls short of the internal mechanical force, serviceability limit state
(SLS) when local damage and/or relative displacement affect the functionality and/or the appearance of the construction and initiation limit state (ILS) corresponding to the initiation of
significant deterioration.
Also in this case, the verification shall be performed at different levels by means of probability
of failure and/or partial safety factors. The action effect S and the resistance R are regarded as
time dependant variables and, in a full probabilistic approach, they are both modeled as random
variables. The basic requirement for ULS is defined as:

R(t ) ≥ S (t )

(5)

and the verification of durability can be formulated a s followings:

Pf (t ) = P [ R (t ) − S (t ) ≤ 0] ≺ Pt arg et ,ULS

(6)

Serviceability limit states refers to the functionality in use, an upper bound Slim for the action effect can be defined. The basic requirement and the verification according to a full probabilistic
approach are expressed by Formula 7,8:
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Slim ≥ S (t )

(7)

Pf (t ) = P [ Slim − S (t ) ≤ 0] ≺ Pt arg et , SLS

(8)

In the current practice structural design is performed according to Level I methods (limit state
analysis) while for durability only general principles and application rules are provided. Nevertheless advanced methods have been developed. In the following sections, after a short review
of the principles and application rules given in the structural codes, some example of advanced
procedures are presented.

3 LITERATURE REVIEW OF SERVICE LIFE DESIGN METHODS

3.1 Durability in structural design codes
In this section the approach of the structural codes used in practice is reported. In general terms
it is possible to say that durability is defined as one of the basic requirement to be achieved during working life but usually only general provisions are recommended such as (JCCS 2001):
− choice of suitable materials that will not deteriorate during the design working life (if the
maintenance is performed regularly).
− accounting for deterioration allowance in the dimensioning of structural elements.
− selecting a shorter working life for the elements that cannot be inspected and/or replaced.
− performing regular inspection and maintenance.
The European Standard EN 1990:2002 Basis of structural design (EC0) addresses the general
principles and requirements for the design and verification of structures according to a limitstate analysis. As for durability, Section 2 states that “the structure shall be designed such that
deterioration over its design working life does not impair the performance of the structure below that intended, having due regard to its environment and the anticipated level of maintenance”. Although each structure shall be designed to have adequate durability, only general
provisions are recommended to meet these requirements (i.e. the use of preventative and protective measures, par. 2.2.5 b, the proper choice of the design working life, par.2.2.5 e). Calculations, experimental investigation, experience from earlier constructions, or a combination of
these considerations are recommended to estimate the degree of any degradation.
In case of steel structures, in EN 1993-1-1 (2004) only few 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. 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
practitioner experience and expert judgment.
Further more, it can also be noted that according to EC0, the mechanical design and verification of structures shall be performed by limit state analysis using partial safety factors. A design
is considered to be sufficient if the relevant limit states are not reached when the design values
of the variables are introduced into the analysis.
The design values are derived from representative values (characteristic or nominal values)
through the use of partial safety factors. As for the resistance R the design value Rd can be derived from characteristic value Rk through the partial safety factor γM which take into account the
uncertainties related to material properties, geometrical deviation from nominal values and
model uncertainties, the effect of deterioration on the resistance is neglected. In addition, it is
worth to emphasize that either the actions on the structure and the resistance itself are time-

4.15

dependant variables but the time is usually neglected in ordinary design thanks to specific assumptions. By the resistance side, the basic assumption that allow to neglect the variable time is
that the maintenance action will ensure the adequate resistance level as at in-built condition
time. Thus, if planned maintenance actions are inadequate or not performed at all, the reliability
of the structure over time could fall short of the target reliability level defined at the design
stage.
Only fatigue is regarded as time-dependant phenomena but also in this case the degradation
of resistance over time is neglected. In case of steel structures it is assumed that the fatigue
strength refers to structures operating under normal atmospheric conditions and with sufficient
corrosion protection and regular maintenance (Eurocode 1993-1-9:2005, par. 1.1.7).
In the European Standard EN 206-1:2002 requirements for concrete to withstand the environmental actions are given either in terms of limiting values for concrete compositions and established properties or requirements may be derived from performance-related design methods.
The requirements shall take into account the intended working life of the concrete structure.
The performance-related design methods according to the following:
a) The refinement of the limiting values method based on long-term experience of local
materials and practices, and on detailed knowledge of the local environment.
b) Methods based on approved and proven tests that are representative of actual conditions
and have approved performance criteria.
c) Methods based on analytical models that have been calibrated against test data representative of actual conditions in practice.
3.2 The Limiting values method
The limiting values method refers to limiting values for the composition of materials and proven
properties of materials and structural measures in various classes of exposure. By applying the
limiting values a structural designer can prove the structure to fulfil the requirements of the intended working life.
An example of the limiting values method is given in EN 206-1:2002. A recommendation for
the choice of limiting values for concrete composition and properties is given in Table 3 when
using CEM I cement. The values in Table 3 are based on the assumption of an intended working
life of the structure of 50 years.
Table 3. Example of a limiting values method. Recommended limiting values for composition and properties of concrete according to EN 206-1:2002.

The abbreviations XC, XS, XD, XF and XA refer to exposure classes which are defined in
the same standard. The limiting values of Table 3 are informative, meaning that they can be revised on national bases. The minimum values for concrete cover are given elsewhere.
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3.3 The Factor Method
The factor method (ISO 15686-1 2000) belongs to level 0 design procedure, the assessment and
evaluation of service life is deterministic and it is based on the identification of the main factors
influencing service life.
It is clearly specified that the method does not provide a guarantee on service life, but it simply gives an estimation on the long lasting of components under certain condition.
The expected numerical value of service life (ESL) is obtained by adjusting the value of the
reference service life (RSL), through series of factors according to Formula 9:

ESL = RSL × A × B × C × D × E × F × G

(9)

where :
A. Quality of components as supplied to the project;
B. Design level of a component or assembly’s installation;
C. Work execution level or skill level of the installers;
D. Indoor environment;
E. Outdoor environment;
F. In-use conditions;
G. Maintenance level.
For the evaluation of the ESL, the RSL as well as the factors A-G are required as input. The
RSL shall be a documented period of time in years based on data provided by tests, building
codes and expert judgments. As for the adjustment factors, the standard does not provide explicit values. The designer has to establish their numerical values (CIB 2004b).
3.4 The Life time safety factor method
The lifetime safety factor method in durability design was first time presented in the RILEM
Report on concrete structures (Sarja & Vesikari 1996) and then developed within the framework
of the EU Project LIFECON (Sarja 2004). This method represents a first attempt to apply simplified probabilistic method to everyday engineering design procedures.
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. 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, while static limit state design is devoted to control the structural reliability
of constructions under external mechanical loading. In durability limit state design 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 (Figure 1).
In particular, a deterioration function D can be formulated on the basis of the time dependant
resistance R according to formula 10:

D(t ) = R(0) − R(t )

10

where: D(t) is the deterioration at time t; R(0), R(t) are respectively the resistance at t=0 and at
the generic time t of the life cycle.
Because of the different sources of uncertainties that are involved in the definition of the
variation of capacity with time, the values in the previous equation are usually taken as mean or
characteristic values. The load S is usually adopted to be constant with time, and its design
value is also taken as a mean or characteristic value, multiplied by the relevant safety factors.
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Figure 1. Representation of the life time safety factor design approach by R, S, t and D, t variables.

The failure event corresponds to time tmax when the capacity R is equal to load S. The difference R(t)-S represents the reduction with time of the safety margin:

R (tmax ) = S

(11)

On the basis of previous considerations, a durability design procedure organized into different steps can be formulated, as specified in the following.
First, the target service life tg has to be defined for the considered constructions. The target
service life corresponds to the design life defined in section 2. The reference value of the target
service life has to be selected according to mechanical design procedure.
Once the reference period has been stated, it is possible to identify the environmental loads S
that will likely act onto structure. Each environmental load is analysed and quantified, where
relevant, in a statistic way. The analysis of the environmental condition has to be performed in
order to define the project background. On the basis of the identification of environmental
loads, the degradation factors and mechanisms should be evaluated.
Once deterioration mechanisms that could act onto structures during the life cycle have been
identified, corresponding damage curves should be considered as a function of time in the form:

Dm (t ) = α t n

(12)

where: Dm(t) is the mean value of degradation; α is a constant coefficient; t time; n degradation
mode coefficient.
Substituting tmax in eq. (12), we have:

Dm (tmax ) = Dmax

(13)

where Dmax=R(0)-R(tmax)=R(0)-S represents the maximum allowable value of degradation
(e.g. the maximum allowable mass loss and/or corrosion depth in the cross section of a beam).
Durability requirements are fulfilled if the failure event (13) occurs after the design service
life had expired, with a proper safety margin. That could be expressed according to formula 14:

td =

tmax

γ t0

≥ tg

(14)

where: td is the (design) service life; tmax is the calculated mean value of the service life corresponding to D(tmax)=Dmax; γt0 is the central lifetime safety factor; tg is the target service life.
Assuming that degradation is normally distributed and the standard deviation of D is proportional to the mean degradation, the coefficient of variation VD being constant, it can be shown
that the central lifetime safety factor of the design life depends only on safety reliability index,
the coefficient of variation of D and the exponent n, according to the formula 15:
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1

γ t 0 = ( β VD + 1) n

(15)

On the basis of such assumptions, the safety reliability index β depends on both the maximum
allowable failure probability for the selected limit state and the degradation function. In particular, it is a function of the mean values and standard deviations of R and S, as follows (formula16):

β=

μR − μS
σ R2 + σ S 2

(16)

3.5 The fib model code for service life
The fib was founded in 1998 from the unification of the Euro-International Concrete Committee
(CEB, Comité Euro-International du Béton) and the International Federation for Prestressing
(FIP, Fédération Internationale de la Précontrainte). Among different tasks related to structural
design of concrete structures, durability concerns have been deeply investigated since 1978
(CEB Bulletin 148 “Durability of concrete structures” 1982, Bulletin 182 “Durable concrete
structures” 1989 and Bulletin 238 “New approach to durability design” 1997).
The latest report “Model Code for Service life Design” (MC-SLD, fib 2006) was prepared
within the fib Task Group 5.6 with the aim to provide a basis and a general framework for standardization of durability based design approach. It is worth to point out that the code refers only
to concrete structures, other construction materials are not considered thus far.
The aim of MC-SLD is to provide a design approach for durability similar to mechanical design. To this end the environmental actions and the resistance of concrete against this action are
modeled quantitatively. The design approach could be summarized in four steps. The first step
consists in the definition of the deterioration mechanism affecting the durability of the structure
in terms of quantitative models. Thus the durability performances have to be defined by means
of limit states, the likelihood of attaining the defined limit states has to be evaluated and finally
the classification of the type of limit state by means of ultimate and/or serviceability limit states
shall be provided. According to MC-SLD, full probabilistic, partial factor, deemed to satisfy design and avoidance of deterioration design criteria are established (Figure 2).

Figure 2. MC-SLD, an extract of the flow chart for service life design .

Full probabilistic approach is suggested for exceptional structures and in order to apply a full
probabilistic procedure, validated probabilistic model should be available and the model parameters as well as the related uncertainties shall be quantifiable. In the partial factor approach
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the probabilistic nature of the variables is taken into account by means of partial factors.
Deemed to satisfy methods consists in giving a set of rules based on statistical evaluation of experimental data and field observation and/or on a long term experience for the dimensioning, the
selection of material and product and execution procedures. Specific requirements to the workmanship, concrete composition, cover thickness etc. are recommended. The avoidance of deterioration method consists in adopting solution and material so that deterioration will not take
place (i.e. the adoption of membranes to separate the structure from the environment, the use of
non reactive material etc.). Further details of the procedure developed in the MC-SLD can be
found elsewhere (fib 2006).

4 CONCLUDING REMARKS
The problem of durability can be described by two basic variables, the capacity R of the structure to withstand the deterioration that will likely occur during service life and the loads S acting
onto the structure during service life. It shall be verified that during service life the capacity
meets or exceed the demand onto the structure. In general both the capacity R and the load S are
time dependant variables. In the mechanical design usually the time is neglected thanks to specific assumptions, but in durability design the time is explicitly considered on the resistance side
and the decrease of resistance over time is calculated. As for traditional structural design, different approaches can be used to evaluate the reliability against durability, namely:
•
•
•
•

Prescriptive approach (instructions and design rules are provided)
Deterministic approach (level 0)
Semi-probabilistic approach (partial safety factors are defined, level I methods)
Probabilistic approach (reliability structural analysis is performed, level III and II)

In the common practice, structural design is performed according level I methods while for durability only design rules and general provisions are established. Indeed, several design approaches have been developed in the framework of international research. The publication of the
ISO Standard 13823:2008 represents a first step towards the codification of durability design.
The Standard does not address a specific design procedure for durability as no specific model
for the degradation of construction material neither numerical or reference values for the partial
safety factors to be applied are provided but it represents a first and important attempt to create
a general framework and a unification role in the field of verification of durability. Currently
there is a gap between researchers and practitioners in the field of durability and additional efforts have to be provided to introduce advanced service life design methods into day to day engineering practice.
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ABSTRACT: The strength, stiffness and deformability capacity of the structural elements
and the system as a whole changes in the course of time, or more precisely, decreases due to a
number of reasons. The reasons include ageing of the material, aggressiveness of the
environment, extreme climatic conditions, interventions done on the structural elements as well
as abrupt and unexpected dynamic effects as are the effects of explosions and earthquakes.
1 INTRODUCTIONS
While designing masonry structures, it is necessary to satisfy the requirements related to
providing of an appropriate, defined by codes, strength, stiffness, deformability and capability
for energy dissipation of structural elements and the system as a whole.
In the course of time, the designed hysteretic force-displacement relationship is the main
parameter to be used in defining the structural response to external gravity and dynamic effects.
The strength, stiffness and deformability capacity of the structural elements and the system as
a whole changes in the course of time, or more precisely, decreases due to a number of reasons.
The reasons include ageing of the material, aggressiveness of the environment, extreme climatic
conditions, interventions done on the structural elements as well as abrupt and unexpected
dynamic effects as are the effects of explosions and earthquakes.
Generally, the strength and the deformability capacity of the structure decreases during its
serviceability life resulting in a structural response with increased required displacement under
an earthquake effect.
The reduced deformability capacity and the increased required displacement can reach a
certain defined moment, most frequently referred to as the ultimate allowable deformation, after
which a structural intervention, i.e., strengthening of the structure is necessary.
The strengthening compensates for the reduced strength, stiffness and deformability capacity
and the ability of the elements to dissipate seismic energy through nonlinear behaviour.
Based on the performed synthesis of results from analytical and experimental
investigations of elements of masonry systems in the world and in our country, proposed is a
procedure for design and analysis of new structures as well as repair and strengthening of
damaged masonry systems exposed to static and dynamic effects (Fig. 1). With the proposed
procedure, the bearing elements are included in nonlinear range of behavior, but with a
controlled and dictated mechanism of behavior up to ultimate states of strength and
deformability. Used in the procedure are experimental and analytical methods for definition of
the necessary parameters. For the concrete type of masonry, needed are minimal experimental
investigations of the characteristics of the material and the behavior of elements under cyclic
loads. The procedure is further analytical, in correlation with the experimental results. The
procedure consists of analysis of external effects, vertical and horizontal, static and dynamic,
experimental tests of the characteristics of materials and behavior of bearing elements under
cyclic loads, proportioning of the constituent elements with controlled and dictated behavior in
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all phases of behavior up to failure and response of the system under real seismic - dynamic
effects. Developed are computer programs for analysis and proportioning of elements of
masonry systems with controlled behavior and program for nonlinear behavior of the systems as
a whole, under actual seismic effects, in which all the elements affecting structural response are
included with their strength and deformability characteristics.
Presented in the paper shall be the general aspects, proposed procedure for design and
analysis of masonry building structures using degrading model force-displacement, traditional
concept for repair and strengthening and results from some practical cases.

Figure 1. Flow - chart presenting the analytical procedure
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2 MASONRY STRUCTURES
Masonry structures are massive, with a high bearing capacity of walls under pressure,
insufficient bearing capacity under tension, low ductility capacity and inadequate connection of
structural elements into a whole, particularly inadequate interconnection of bearing walls in
both orthogonal directions and inadequate connection of bearing walls with the floor structures.
The buildings are mainly designed and constructed to sustain vertical - gravity loads.
2.1 Bearing walls constructed of solid brick without horizontal and vertical RC belt courses
The bearing structural system consists of bearing walls constructed of solid brick in lime or
cement lime mortar. The bearing walls are in longitudinal, transverse or both orthogonal
directions. The disposition of the walls depends on the distribution of the premises, the
horizontal and vertical communications. The walls are partially inter-connected by timber
beams. The structure is founded on strip foundation constructed of stone in lime mortar. The
floor structures are constructed of wood. The roof structures are made of timber with a roof
cover most frequently constructed of ceramic tiles.
2.2 Bearing walls constructed of solid bricks with horizontal RC belt courses
The bearing structural system consists of bearing walls constructed of solid brick in lime or
cement lime mortar, in both orthogonal directions, strengthened and inter-connected by
horizontal RC belt courses at the level of the floor and roof structures. The disposition of the
walls depends on the distribution of the premises, the direction in which the floor structure is
supported, the outlets beyond the outline of the structure, the horizontal and the vertical
communications. The structure is founded on concrete strip foundation. The floor structures are
precast RC fine ribbed type AVRAMENKO. The roof structures are constructed of timber, with
roof cover most frequently constructed of ceramic tiles.
2.3 Bearing walls constructed of solid brick with horizontal and vertical RC belt courses
The bearing structural system consists of bearing walls constructed of solid brick in lime or
cement lime mortar, in both orthogonal directions, strengthened and inter-connected by
horizontal and vertical RC belt courses. The vertical RC belt courses are constructed after
construction of the walls. The disposition of the walls depends on the distribution of the
premises, the direction in which the floor structure is supported, in one or both directions, the
outlets for terraces and bay windows beyond the outline of the structure, the horizontal and
vertical communications. The structure is founded on concrete strip foundation. The floor
structures represent semi-precast RC systems or monolith RC slabs. The roof structures are
constructed of timber, with a roof cover constructed most frequently by use of ceramic tiles.
3 DESIGN CONDITIONS
The design conditions contain several parameters associated with the bearing structural system, the
purpose, the required seismic protection, the location of the structure and other parameters in
accordance with the valid technical regulations. The purpose of the structure is important from the
aspect of definition of the required level of resistance to seismic effects, in accordance with the
mentioned regulations. The level of required seismic protection is given in the seismological
map. It is defined by special seismological-geological investigations of the considered site.
The strength, stiffness and deformability characteristics of the materials as well as the ability
of elements to dissipate seismic energy through linear and nonlinear behavior have a different
influence on the behavior of the building structure exposed to vertical - static and horizontal dynamic loads. To provide conditions for analysis of safety of existing structures as well as
proper and most adequate design of repair and strengthening of the principal structural system,
it is necessary to define the strength and deformability characteristics of the bearing walls under
vertical and horizontal loads as well as the behavior of the structure under an earthquake.
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Definition of the characteristics of materials, particularly strength and deformability capacities
is done analytically or experimentally. The most appropriate method is the experimental that can
be carried out in laboratory conditions or "in situ" on a certain bearing wall (Fig. 2). The
minimum necessary parameters that should be defined are: ultimate compressive stress of
masonry, ultimate tensile stress of masonry, elasticity modulus of masonry and sliding modulus
of masonry.

Figure 3. P-δ diagram, Palace Sponza, obtained during 'in situ' test.

4 ANALYSIS OF THE STRUCTURE
During the serviceability period, the structures are exposed to the effect of vertical and
horizontal, static and dynamic, permanent and temporary, normal and abnormal loads. The
vertical loads, dead or life, are mainly static loads depending on the purpose of the structure, the
finishing of the floor and facade structures, the insulation of the internal and external walls and
the roof structure. The vertical loads should be more precisely defined, since the intensity of
seismic forces and the response of the structure are directly related to the amount of vertical
loads, i.e., masses of the structure.
The mathematical model of the structure is defined as a system with masses concentrated at
the level of floor structures, connected by springs and dampers.
For the defined vertical and horizontal loads, linear static and dynamic analysis is performed
for the purpose of obtaining the periods, the mode shapes, the storey stiffness and the relative
displacements. The static quantities, bending moments, shear and axial forces are checked for
characteristic frames in both orthogonal directions. Based on the storey stiffnesses, defined on
the basis of geometrical characteristics of bearing elements, the defined relative storey
displacements, the defined seismic effects on the considered location with intensity and
frequency content for different return periods and the corresponding design criteria, first of all
the ductility capacities of the bearing elements, through the dynamic response of the building
structure, optimization of equivalent seismic forces along the height of the building is performed
and hence optimization of strength, stiffness and deformability of the structure. Static analysis
of the building structure under vertical loads and optimal equivalent seismic forces is performed
in both the orthogonal directions. Defined are the static quantities, bending moments, shear and
axial forces, for each element and each direction.
The above holds for design of new structures. For analysis of repaired and strengthened
masonry structures, static analysis is performed for vertical loads and equivalent seismic forces
according to regulations. The main purpose of the static analysis, when analysis of elements up
to ultimate states of strength and deformability is performed, is to distribute the seismic forces
per bearing elements and find out the axial forces in the vertical elements due to the gravity
loads of the floor and roof structures, along with the dead weight of the massive walls.
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For the structural elements with geometric characteristics, characteristics of materials and
position in the structure, analysis of the elements is done and hence analysis of the structure is
performed up to ultimate states of strength and deformability. Involved in the analysis are
several types of elements characteristic for masonry structures. For several types of walls, as are
stone walls, brick walls, stone or brick walls with reinforced-concrete jackets, framed brick
masonry with reinforced concrete vertical and horizontal belt courses and stone walls with a
concrete coating, there is a simple, but sufficiently exact way of determining the strength and
stiffness capacities in the linear range of behavior. The deformations in the same range are
defined by the linear strength - stiffness relationship. This way of defining the ultimate states is
not sufficiently exact for the reinforced-concrete elements as are columns and walls due to the
impossibility of controlling the failure mechanism, particularly from the aspect of defining the
deformation at which it occurs. Generally, for all possible elements occurring in the masonry
structures, analysis of strength capacity can be done in the simple way of defining strength and
stiffness capacity, whereas care should be taken as to deformability, knowing its importance for
the behavior of the structure under an earthquake. Considering the complicated behavior of
reinforced-concrete elements, a more precise way of determining their ultimate strength and
deformability value is given, with control of the mechanism of behavior from the beginning of
loading up to failure. This is important because we are often forced to define simultaneously
the ultimate states of masonry and reinforced-concrete elements so that, by their superposition,
one arrives at storey strength, stiffness and deformability capacities in both the orthogonal
directions of the structure(Fig. 3).

Representative bilinear storey diagram

Cumulative storey
diagram - RC elements

K=4160 [kN]
LP=0.11
δy=1.13 [cm]
δu=4.20 [cm]
Qy=4700 [kN]
Qu=6100 [kN]
D=3.72

Cumulative storey diagram Masonry wall elements

Individual RC elements
Individual masonry wall elements

Figure 4. Force - displacement diagram for masonry and R/C elements.
The most important for the behavior of the structures is their response under static and
dynamic loads. Masonry structural systems, as well as other systems, exposed to dynamic seismic effects of moderate and high intensity, suffer nonlinear deformations of the constituent
elements, by which the initial strength and stiffness is decreased considerably, depending on the
size of deformations and the number of times they are iterated.
The strength, stiffness and deformability capacity of the structural elements and the system as
a whole changes in the course of time, or more precisely, decreases due to a number of reasons
(Fig. 4-5).
5 EVALUATION OF THE STABILITY OF THE STRUCTURE AND THE NEED FOR
REPAIR AND STRENGTHENING
Based on the analysis of the existing state of the building structure and damages to the structure,
the elements of occurred damages and the reason of occurred damages are defined. Such
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considerations are important for selection of possible and necessary measures for repair and
strengthening of the structural system.

Figure 4. Relationship strength – displacement

Figure 5. Relationship strength – displacement

The strength and deformability capacities of the bearing elements and the system as a whole are
compared to those required (according to the regulations) and those required for the analyzed
structural response under expected earthquakes on the considered site, with intensity and
frequency content. If the strength and the deformability capacity is less than the required, it is
concluded that the building structure does not have sufficient strength and deformability and
therefore it needs repair and strengthening.
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Each concrete structure is a case for itself and there are several ways of repairing and
strengthening it. The solution for repair and/or strengthening depends on: seismicity of the site,
local soil conditions, type and age of the structure, level and type of damages, time available for
repair and/or strengthening, equipment and man power, restoration and architectural conditions
and requirements, economic criteria and necessary seismic safety. Selected are several variant
solutions for repair and strengthening.
Analysis of each solution is done and an insight into the advantages and disadvantages is
obtained from several aspects. Out of these, selected is the most adequate solution from the
economic aspect and the stability aspect according to the required seismic protection. Out of
several analyzed possible solutions for repair and strengthening of the main structural system,
selected is the most favorable from the aspect of: stability, i.e., fulfillment of the design criteria
according to regulations, possibility for realization of the solution, available materials, economic
justification, fulfillment of social requirements and satisfying of aesthetic requirements (Fig. 6
to 16).

Figure 6. Structural system input. Acc - t diagram

Figure 7. Structural system input. P - δ diagram
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Figure 8. Structural system input. P - δ diagram

Figure 9. Bozinovski’s hysteretic model

6 ANALYSIS OF THE STABILITY OF THE REPAIRED AND THE STRENGTHENED
SYSTEM
For the selected solution of repair and strengthening, analysis of the stability of the structure is
performed in order to confirm the necessity and the justification of the undertaken activities. For
the repaired and strengthened system, the same analysis is done as that for the existing state of
the structure, defining the strength, stiffness and deformability capacities of the structure and
comparing them with the required quantities for expected earthquakes with intensity and
frequency content as well as the limitations of storey displacements from other reasons. The
maximum displacements, defined as required, are compared to the capacities of displacement,
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whereas the plastic excursions show how many times the structure enters into the nonlinear
range of behavior.

Example

Petrovac N-S

Amax= 427.3

Storey : 2

Figure 10. Structural system response. P - δ diagram

Example

Petrovac N-S

Figure 11. Structural system response. P - δ diagram
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Amax =427.3

Storey : 2

Example returning curve on power 9 Petrovac N-S Amax =427.3

Storey : 1

Figure 12. Structural system response. D - t diagram

Example returning curve on power 9 Petrovac N-S Amax= 427.3

Storey : 1

Figure 13. Structural system response. St - t diagram
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Example returning curve on power 9 Petrovac N-S Amax= 427.3

Storey : 2

Figure 14. Structural system response. P - δ diagram

Example returning curve on power 9 Petrovac N-S Amax =427.3

Figure 15. Structural system response. F - t diagram
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Storey : 2

Example

Petrovac N-S Amax =427.3

Storey : 1

Figure 16. Structural system response. P - δ diagram

7 CONCLUSION ON THE STABILITY OF THE STRUCTURE AND THE
VULNERABILITY LEVEL

Based on the strength and deformability capacities of the bearing elements and the
structure as a whole and on the basis of required strength and deformability for expected
seismic effects with intensity and frequency content, conclusions are drawn regarding
the stability of the structure and its vulnerability level. It is of exceptional importance to
bring the strength, stiffness and deformability of the structure within the frames of the
requirements according to the valid technical regulations and latest knowledge on the
behavior of masonry structures exposed to gravity and seismic effects.
8 REFERENCES
Bozinovski, Lj. Z. 1997. Procedure of analysis of masonry building structures to be constructed in
seismic prone areas, Fourth National Conference on Earthquake Engineering , Ankara, Turkey, 17-19
September, 1997.
Bozinovski, Lj. Z., Milutinovic, Z. & Trendafiloski, G. 2002. Disaster Prevention, Mitigation, Diagnosis,
Urgent Measures And Education Of Users For School Buildings”, The Twelfth European Conference
on Earthquake Engineering, UK, London, September 9-13, 2002.
Bozinovski, Lj. Z. 2002. Repair and Strengthening of School Buildings Based on Experimentally Defined
Characteristics of Bearing Walls, The Twelfth European Conference on Earthquake Engineering, UK,
London, September 9-13, 2002.
Bozinovski, Lj. Z & Manic, M. 2001. Damages and Evaluation of Damage to Structures due to Military
Actions in the Territory of Republic of Macedonia (in Macedonian), 9th International Symposium of
the Macedonian Association of Structural Engineers, Ohrid, September 27-29, 2001.
Bozinovski, Lj. Z. 2000. Concept of repair, strengthening and revitalization of existing damaged and nondamaged masonry structures, INDIS 2000 and CIB W-63, Novi Sad, Yugoslavia, November 22-24,
2000.

4.33

Probabilistic approach to service life design of reinforced
concrete structures
Sz. Wolinski
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ABSTRACT: The paper gives an overview of more important developments and some general
remarks on service life design of reinforced concrete structures with emphasis on probabilistic
approach. Phases of the deterioration course due to different causes and overview of deterioration mechanisms modeling are presented. Design service life is defined by relevant limit states,
reference period, safety or reliability measures and all the integral costs, including maintenance,
repairs and demolition. Three levels of probabilistic methods are taken into consideration: semiprobabilistic, simplified probabilistic and full probabilistic.
1 INTRODUCTION
There is commonly known statement made by De Sitter in 1984: “If no maintenance is carried
out the later repair costs will be five times the saved maintenance costs. If no repair is carried
out, the cost of renovation will be five times the money saved by not repair.” Today, design of
concrete structures for durability or more generally for service life has wined wide recognition
and is as important as design for safety and serviceability. More general concept of Service Life
Planning (SLP) of construction works is the subject of ISO 15686 standard series “Building and
construction assets – Service life planning”. The fib Model Code for Service life Design (MC –
SLD) addresses service life design for plain concrete, reinforced concrete and pre-stressed concrete structures with a special focus on design provisions for managing the adverse effects of
degradation (fib Bulletin No.34, 2006).
The paper presents some general remarks on SLD of reinforced concrete structures with emphasis on probabilistic approach. Phases of the deterioration course due to carbonation, chlorides and other aggressive agents attack, freeze-thaw deterioration of concrete, initiation and
evolution of the reinforcement corrosion, cracking and spalling of the concrete cover are discussed in brief. An overview of the modeling of different corrosion deterioration mechanisms
affecting the reinforced concrete elements’ durability and time to critical deterioration are presented. To deal with uncertainties involved in modeling deterioration mechanisms of reinforced
concrete and performance decrement, probabilistic methods are the most suitable. By quantifying durability performance, the reliability measures: partial safety factors, reliability index or
probability of survival are set to make sure of the safety level. Design service life is defined by
relevant limit states, reference period (number of years), level of probability of not passing limit
states during this period and anticipated maintenance.
Three levels of probabilistic methods are taken into consideration: semi-probabilistic (Partial
Factors Method), simplified probabilistic (First Order Reliability Method FORM and Second
Order Reliability Method SORM) and full probabilistic. The Monte Carlo simulation technique
is recommended as powerful and friendly tool which makes possible practical applications of
the full probabilistic approach to SLD. The levels of reliability related to structural resistance,
serviceability and durability can be achieved by combinations of measures relating to: design
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calculations, quality management, accuracy of the mechanical models used, detailing, adequate
inspection, etc. The presented approach is illustrated through an example application.
2 CAUSES AND MECHANISMS OF DETERIORATION
Deterioration of reinforced concrete elements and structures is a natural consequence of the ageing process. Structures are prone to deterioration due to: reinforcement corrosion, chemical influences, ettringite formation, alkali silica reaction and freeze–thaw effects.
Typical phases of reinforced concrete deterioration for different mechanisms of deterioration
are as follows (Czarnecki & Emmons, 2002):
a) Deterioration due to reinforcement corrosion:
- carbonation or chlorides penetration,
- initiation of the reinforcement corrosion,
- evolution of the corrosion (uniform or localized),
- initial cracking of the concrete cover,
- evolution of cracks in the concrete,
- initiation and evolution of concrete spalling,
- reduction of the reinforcement area and bond between reinforcing bars and concrete,
- reduction of the stiffness and resistance of an element (limit states, collapse)
b) Deterioration due to chemical influences:
- acids attack; reaction of acid with cement paste and destruction of its microstructure,
- attack by sulphates; reaction of sulphates with calcium and aluminum ions causes expansion of its products and formation of cracks,
- ettringite formation; expansion during crystallization and separation of concrete components,
- alkali reaction with silica aggregates; expansion of reaction products and surface “map”
cracking
c) Freeze-thaw deterioration due to repeated cycles of freezing and thawing of the free water in
combination with de-icing salts or not: cracking, scaling and spalling leading to loss of structural integrity and strength of concrete.
Recently there is generally recognition that damage due to reinforcement corrosion caused by
carbonation and penetration of chlorides are the most important causes of reinforced concrete
structures and a substantial number of research projects have been focused on description of
their mechanisms (DuraCrete, 2000, Rostam, 2001).
3 PHYSICAL MODELLING OF THE DETERIORATION
Corrosion of the reinforcement due to carbonation and chlorides penetration through the
concrete cover, cracking and spalling of the concrete and reduction of the diameter of rebar are
considered in this paper. The development of corrosion over time may be described as a multistage process shown in Figure 1 (Bertolini et. al., 2004).
Corrosion initiation time tcor is defined as the period during which carbon dioxide or chloride
ions penetrates the concrete cover and reach the reinforcing steel bars. Using the Fick’s law of
diffusion the rate of aggressive agents penetration into concrete as a function of time and depth
can be described:

⎡
⎛ x ⎞⎤
⎟⎥
C ( x, t ) = C0 ⎢1 − erf ⎜
⎜
⎟
⎢⎣
⎝ 2 Dc t ⎠⎥⎦

(1)

where C ( x, t ) is the aggressive agent concentration at the distance x from the surface after time
of exposure t, C0 is the aggressive agent concentration at the surface, Dc is the diffusion coefficient, erf(.) is the error function.
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Many different modifications of the formula (1) were proposed in the literature, for instance
the Duracrete Model ((DuraCrete, 2000):

C ( x, t ) = C0 [1 − erf ( x / 2 KDc (t0 / t ) nCl t )]

(2)

where K is an empirical coefficient (taking account of various influences), t0 is the reference
time and nCl is the material dependant reduction exponent.
stage of corrosion

– corrosion initiation time
– crack initiation time
– spalling of concrete cover time
– collapse time

tcor
tcrc
tspl
tcol

propagation
initiation

time
tcor

tcrc

tspl

tcol

Figure 1. Development of reinforcement corrosion in concrete.

Using the concept of concrete cover degradation as the result of corrosion products volume
increase, the time to crack initiation tccr can be calculated from the equation (Liu & Weyers,
1998):

dWrust (t ) k rust (t )
=
dt
Wrust (t )

(3)

where Wrust is the amount of rust products in time t, k rust (t ) is the factor proportional to the annual mean corrosion rate.
Evolution of cracks and reduction of the rebar diameter can be assessed using the relationship
between the rate of rust production and time or by means of semi-empirical or empirical
formulas, for instance (Thoft-Christensen, 2000).
4 METHODS OF DESIGN FOR SERVICE LIFE
In the fib Model Code for Service Life Design (SLD) contemporary ideas and procedures
referred to service life design of structural concrete are presented with a special focus on design
provisions for managing the adverse effects of degradation (fib Bulletin No.34, 2006). Four different options for SLD are recommended:
a) Avoidance of deterioration; it means that sensitivity of the structure should be reduced by:
- application of materials with low sensitivity to deterioration,
- application of coating or membranes,
- prevention against damaging reactions
b) Deemed to satisfy rules (recipe based approach); the design criteria that should be fulfilled
guarantee a specified service life; for instance: minimum rebar cover, proper composition of
concrete, limited cracks width, etc.
c) Semi-probabilistic approach (partial factor design):
- reliability level of a structural element is checked by means of partial safety factors;
γ m = f k / f d and γ f = S d / S k , γ R = Rk / Rd , where: f k , Rk , S k , f d , Rd , S d are
characteristic and design values of material properties, resistance and actions,
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-

within the partial factors design the effect of deterioration of structural components is
usually considered by multiplying the partial safety factor γ R by modification factors
corresponding to different types of deterioration processes and the degree of knowledge
about the future degradation:

γ R = γ R ×ϕD ×ϕP ×ϕM

(4)

0

where γ R0 is the initial value of partial safety factor corresponding to a certain design
service life and a specific safety class, ϕ D , ϕ P , ϕ M are the modification factors
corresponding to a given deterioration process, protection and maintenance strategy.
d) Simplified and full probabilistic approach; these methods are discussed in the next chapter.
For the practical application of semi-probabilistic or probabilistic methods, service life design
should be defined by:
- relevant limit states and limit states criteria,
- a reference period (number of service life years),
- a definition of the end of service life,
- a target value of reliability (or safety) measure,
- a strategy for maintenance and repairs, quality system control.
5 PROBABILISTIC METHODS OF DESIGN FOR SERVICE LIFE
There are at least three most important reasons for application of probabilistic methods of design for service life:
- the variation in properties of the concrete and its microstructure, variation in the environmental conditions (relative humidity, temperature, wind, etc.) and variation in the
concentration of chemicals penetrating through concrete (e.g. Cl − ions and CO2 ),
- the resistance R (t ) , loads and environmental actions and their effects E (t ) are functions of time,
- the failure probability of an individual section or element usually may not be representative of the failure probability of the entire structural system.
Service life of a structure is usually defined (Rostam, 2001) as the time till the deteriorating
structure can carry loads with specific degree of reliability (see Fig. 2).

R (t ) ,

E (t ) - effect of action
E (t )
R (t ) - resistance
t
target service life

service life density

Figure 2. Illustration of probabilistic determination of service life.

Probabilistic methods can be used for structural design when the set of random events and variables can be identified. Two levels of probabilistic methods can be distinguished: simplified
probabilistic methods (First Order Reliability Method FORM and Second Order Reliability
Method SORM) and full probabilistic method (Nowak & Collins, 2000, ISO 2394, 1988).
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• According to survey of published results, distribution types and parameters of more important
random variables determining life service of concrete structures can be summarized as follows
(Akiyama et.al., 2006, Wolinski, 2008a):
- the concentration of aggressive agents at the concrete surface; normal (N) or log-normal
(LN) distribution,
- the diffusion coefficient; N or LN distribution, coefficient of variation v = 0.17 ÷ 0.91,
- the critical concentration of aggressive agents at rebar surface; N distribution,
v = 0.17 ÷ 0.375,
- the thickness of concrete cover; N distribution, v = 0.20 ÷ 0.50,
- the corrosion initiation time tcor ; Weibull’s distribution (W), v ≈ 0.40, coefficient of
skewness γ 1 ≈ +1.8,
-

the crack initiation time tcrc ; W distribution, v ≈ 0.60, γ 1 ≈ +0.20,

- the spalling of concrete cover time tspl ; W distribution, v ≈ 0.45, γ 1 ≈ +0.50.
• Commonly known and recommended in contemporary standards (ISO 2394, 1988, EN 1990,
2002) simplified probabilistic method is FORM which is usually identified with the reliability
index method ( β – index theory). Reliability index is defined as: β = m Z / σ Z where:
Z = R − E is a performance function, R is the resistance, E is the effect of actions, m Z and
σ Z are the mean value and the standard deviation of a random variable Z. Using the reliability
index measure the influence of uncertainty can be taken into consideration by means of the resistance correction (Thoft-Christensen, 2000, Faber & Melchers, 2001):

β = (ϕ1 × ϕ 2 × ... × ϕ n × m R − m E ) / (ϕ1 × ϕ 2 × ... × ϕ n ) 2 × σ R2 + σ E2

(5)

where: m R , m E , σ R , σ E are the mean values and standard deviations of the resistance and action effects, ϕ1 , ϕ 2 ,..., ϕ n are correction factors corresponding to a given deterioration processes, quality of execution, protection and maintenance strategy, etc.
• When the mechanisms of deterioration are known in advance and can be expressed in the
form of degradation function g (t ) , describing evolution of the structural deterioration in course
of time, the time-variant resistance R(t) may be defined by:

R (t ) = R0 × g (t )

(6)

where R0 is the initial resistance, and the full probabilistic approach to durability assessment
may be applied. Preventive and mitigating measures can also be introduced by differentiation
the time of degradation initiation, and the maintenance or repair may be taken into account by
modification of the initial resistance.
• Generally, the resistance R of an element and the effect of actions E are the stochastic processes of random variables X i , Y j and time t: R ( X 1 , X 2 ,..., X n , t ) , E (Y1 , Y2 ,..., Ym , t ) , thus
the performance function is also the stochastic process Z = R − E = Z ( X i , Y j , t ) . The direct
calculations of the failure probability from the integration of equality:

p f = ∫ f ( z )dz

(7)

F

using analytical integration can only be eligible in few simple cases and numerical integration is
feasible only for a limited number of random variables. In some cases time dependent failure
modes may be transferred into corresponding time independent mode. There are known several
methods of such a transformation, for instance (Karadeniz & Vrouwenvelder, 2003):
- when individual time-varying variables can be modeled by the distribution of the
maximum or minimum value within a given period,
- is case of the continuous ergodic processes the outcrossing approach can be applied, for
instance in the form of Rice’s formula,
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-

application of intermittent processes, finite elements method, spectral analysis for
nonlinear systems, and other special methods,
- application of the simulation-based Monte Carlo method makes possible to obtain approximate solutions in case time-variant problems, highly nonlinear performance functions, unknown in advance area of integration and large number of random variables
taken into account.
• In the practical design of structures we focused almost exclusively on the calculation of the
failure probability of individual cross sections or elements of a whole structure. Since most
structures consist of a finite number of interconnected sections and elements the failure probability of an individual section or element usually may not be representative of the failure probability of the entire structural system. From mathematical point of view, a structure forms a system of structural elements. Three idealized types of systems can be distinguished: series,
parallel and mixed or combined. Each type of the structural system may consist of brittle or/and
ductile elements which may be correlated or/and uncorrelated.
Most structures should be considered as a combined system consisting of elements or groups
of elements connected in series and in parallel. The mixed system fails either by a failure of
anyone of elements connected in series or by a failure of all the elements connected in parallel.
The entire system can be described by a finite (but usually very large) number of the paths of
failure. The system is efficient if at last one of the paths is efficient. It should be noticed that the
effect of correlation on the probability of failure of a structural system is very important (Nowak
& Collins, 2000, Wolinski, 2008b).
• The quality of execution, inspection and maintenance has a large influence on the real service
life of reinforced concrete structures. Results of the initial inspection and data recorded during
the life of a structure are very essential (Walrawen, 2008). Test, inspection or study results relating to realization of random variables may be used for the updating by assuming the distribution
parameters of the distributions used in the probabilistic modelling. New results should be utilized to update the probability distribution functions of these distribution parameters. The prior
distribution functions may be updated by Bayesian reasoning (Wolinski, 2008b).
6 ACCEPTABLE PROBABILITY OF EXCEEDING A LIMIT STATE
In both the simplified probabilistic and full probabilistic methods the measure of reliability is
identified with the survival probability Ps = 1 – Pfd , where Pfd is the target probability of failure
which depends on the category of limit state (ULS and SLS), various design situations, failure
modes and reference periods.
In the Eurocode (EN 1990, 2002) recommended values of target probability depend on the reliability class of a structure (RC1, RC2, RC3), the length of reference period (1 year and 50
years) and are related to the consequence classes (CC1, CC2, CC3). In the ISO standard (ISO
2394, 1998) target probabilities are referred to the relative costs of safety measures and consequences of failure. The numerical values of Pfd are usually described as formal or notional
numbers, intended as a tool for developing consistent design rules and not as a description of the
frequency of structural failures and are established on the basis of the past experience.
A target value of reliability measures for service life design should be assumed with the reference to relevant limit states. In the MC-SLD several examples of limit states connected to the
corrosion of reinforcement are given (fib Bulletin No.34, 2006): depassivation of reinforcement,
formation of the corrosion crack, spalling of the concrete cover, reduction of the reinforcement
area, reduction of the bond between reinforcing bars and concrete, collapse.
Recommended target values of the reliability index β and corresponding target values of
failure probability Pfd according to the MC-SLD are presented in Table 1.
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Table 1. Target values of the reliability index
(fib Bulletin No.34, 2006)
Exposure
Action
classes

Reliability
class

XC

Carbonation

RC1

XD

Deicing

RC2

XS

Sea Water

RC3

β

(and Pfd – values) for the durability limit states
SLS
Depassivation

β

(Pfd)

10 −1 )
−1
1.3 ( ≈ 10 )
−1
1.3 ( ≈ 10 )

1.3 ( ≈

ULS
Collapse

β

(Pfd)

10 −4 )
−5
4.2 ( ≈ 10 )
−6
4.4 ( ≈ 10 )

3.7 ( ≈

7 ILLUSTRATIVE EXAMPLE
Consider a simply supported reinforced concrete slab subjected to the combination of dead and
live loads and to deterioration such as: wear due to erosion of the upper surface of concrete, corrosion of reinforcing steel, cracking and spalling of concrete cover. Using the probabilistic
approach, calculate the area of reinforcing steel As at the critical cross-section of the slab.
• Input data:
- dead load g : N ( 5, 0.5 ) kN/m,
- long lasting live load p : G ( 5, 1.75, 0.8 ) kN/m,
- compressive strength of concrete fc : LN ( 28, 4.86 ) N/mm,
- yield stress of reinforcing steel fy : N ( 462, 35.7 ) N/mm 2,
- effective depth of the cross-section d 0 : N ( 130, 6.5 ) mm,
- concrete cover c : N (30, 3.0) mm,
- coefficient of carbonation α : LN ( 4, 0.82 ),
- empirical coefficient of concrete wear κ: N (3.8, 0.33),
- effective span: Leff = 3.0 m.
Types of distributions: N – normal, G – gamma, LN – log-normal.
Parameters of random variables: the mean value, the standard deviation and the coefficient of
skewness.
• Physical modeling; models for the mechanisms of deterioration were defined as follows:
- erosion wear of the concrete surface d (t ) = d 0 − κ t ,
-

corrosion initiation time t cor = (d / α ) 2 ,

-

crack initiation time t crc = Wr2 / 2k rust , symbols according to formula (3),

-

reduction of the rebar diameter d (t ) = d 0 − c cor icor t , where c cor and icor are empirical
coefficients,
loads combination effect E = M = 0.125( g + p ) L2eff ,

-

resistance at the critical section R = M = As f y bdξ , where b = 1 m, ξ is the relative
value of the effective depth of compression zone.

• Probabilistic calculation were performed using the Monte Carlo simulation method. Results
in the form of relationships between the area of tension reinforcement required with the probability of collapse Pfd ≈ 10 −4 ( β ≈ 3.7 , for environment class XC, carbonation and ULS of
collapse) and time are presented in Fig. 3. The mean values of characteristic periods of the slab
service time are: the corrosion initiation time t cor = 26.9 years, the crack initiation time

t cor = 36 years and the spalling of concrete cover time t spl = 53.5 years.
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Figure 3. Diagram of the tensile reinforcement area required with the probability of collapse about
10-4 and time of service life for the reinforced slab in bending.

8 CONCLUSIONS
Recently there is generally recognition that the design of concrete structures for service life has
gained the same level of importance as design for reliability and serviceability. Economic,
social and environmental aspects should be involved in procedures of the design for service life.
Moreover, all these aspects should be addressed explicitly or in other words, they should be
expressed clearly and fully quantitatively.
The effects of scatter in deterioration of reinforced concrete should be treated in a similar way
as mechanical failure mechanisms and should be discussed, studied and regarded in deterioration models.
In order to guarantee sufficient lifetime durability for concrete structures, time-variant and
fully probabilistic methods should be used. Monte Carlo simulation procedures that allow for
direct, transparent and efficient applications of probabilistic approach are recommended for the
numerical calculations. However, for a large part of standard and simple structures the deemed
to satisfy rules or semi-probabilistic method (partial factor design) can be sufficient.
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ABSTRACT: The paper deals with some aspects of risk based assessment of service life of
building structures. The presented approach utilizes quantitative definitions of exposure, robustness and vulnerability of structures. Risk acceptance criteria in structural engineering are discussed in terms of damage and failure consequences. Assessing of existing structures is understood as a process of models formulation, evaluation of direct and indirect consequences,
models updating by introducing new information from inspections and analysis of decisions in
regard to the remaining service life. The risk based approach to service life assessment is illustrated through an example application.
1 INTRODUCTION
Building structures should be designed in such a way that they will sustain all actions likely to
occur during execution and intended service life, with appropriate degree of reliability, in economical way and taking into consideration environmental aspects. The reliability required for
structures can be achieved by design in accordance with current standards, appropriate execution and quality management measures (EN 1990, 2002, ISO 2394, 1998). The difference between design of a new structure and assessment of an existing structure consists in the available
or collectable information about the structure related to materials, actions and the structural performance characteristics. Assessing of existing structures can be understood as a process of
model formulation, consequence evaluation and model updating by introducing new information (Faber at al., 2006, Wolinski, 2006).
An existing structure needs an assessment in situations where: unexpected or excessive degradation has been observed, the structure has been subjected to non-foreseen events or increased
loading, modification in use or increased service life is planned, the structure has not been inspected for a long period of time, etc. A structure can be measured, inspected, tested and proofloaded. All information relevant for assessing the performance of a structure should be collected, but at a cost.
Current design codes are based on the limit states concept and the reliability based methods
are recommended to provide a minimum safety level of structures. The measure of reliability is
identified with the probability of survival that depends on safety of people and balance between
the costs of failure and safety measures. Calibration of reliability levels is generally based on the
past experience and target values of the survival probability depends on various design situations, failure modes, reference periods and so on, are generally notional numbers. Recently there
is generally recognition that the structural design and assessment should involve the considerations of reliability, safety, economic and environmental aspects and that these aspects should be
addressed explicitly and fully quantitatively. Acceptance criteria in structural engineering
should take into considerations also different consequences of failure, especially: loss of human
life or serious injuries, economical and environmental losses. They can be derived from social
indicators, which are statistics that express some aspects of quality of life in society. The reli-
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ability based criteria that take into consideration only the probability of failure and loss of functionality does not meet these requirements.
The present paper deals with recent developments of service life assessment of building structures based on the general methods for assessing risk of systems constructed by standard components. The approach presented utilizes quantitative definitions of exposure, robustness and
vulnerability of building structures and taking into consideration both, direct and indirect consequences of their failure and loss of functionality. The presented approach is illustrated through
an example application.
2 RISK INDICATORS
2.1 Hazard and risk in structural engineering
Hazard is defined as an attribute of activities which may cause harm to persons and assets or as
a set of circumstance with the potential for causing events with undesirable consequences
(Vrouwenvelder et. al., 2001). However, in the Eurocode hazard is defined as an unusual and
severe event. The two major categories of hazard involved in the building process can be distinguished on the basis of their nature, namely natural hazards and man-made hazards. Natural
hazards resulting from variations of structural materials and products properties, actions applied
to a structure, geometrical data, which are modeled as stochastic variables with corresponding
statistical distributions and parameters. Man-made hazards include uncertainties due to unintentional and intentional departure from the accepted practice and verified procedures (human errors), new materials and types of structures, innovations in design and construction, new technologies and methods of execution, new or modified models for structural analysis and
dimensioning, fires, explosions and other severe events caused by man who are not involved in
the building process but also the pressure on the designers due to the shortage of time, money
and the political climate.
Negative consequences are defined as a possible outcome of desired or undesired events that
may be expressed quantitatively or qualitatively in terms of personal injury, death, monetary
loss, environmental and social damage.
Risk may be referred to as a measure of the danger or hazard that undesired events represents
for people, economy and environment, and is defined as a combination (usually a product) of
the probability of occurrence and the consequence of a specified hazardous or undesired event
(Steward & Melchers, 1997, Vrouwenvelder et. al., 2001).
For a set of hazardous design situation H i the total risk R can be calculated as follows (Faber
et. al., 2006):
nS

nH

nD

i =1

j =1 k =1

R = ∑ p ( H i )∑∑ p ( D j H i ) p( S k D j )C ( S k )

(1)

where the structure is subjected to n H different hazards that may damage the structure in n D
different ways and the performance of the damage structure can be discretised into n S adverse
states Sk with corresponding consequences C(Sk), and p(Hi) is the probability of occurrence of
the i-th hazard H i , p ( D j H i ) is the conditional probability of the j-th damage state of the
structure given in the i-th hazard and p ( S k D j ) is the conditional probability of the k-th
adverse overall structural performance S given in the i-th damage state.
2.2 Exposure and consequences
Methods for assessing risk of systems can be efficiently applied for assessing service life of
building structures. Generally, a building structure can be defined as a bounded group of interrelated, interdependent or interacting elements forming an entity that achieves a defined objective
in its environment through interaction of its parts. A building structure considered as the system
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involves structural system formed from a physical subsystem, environmental, social and human
subsystems.
An exposure is considered as any event or set of events with the potential to cause damage,
loss of functionality or failure to a system. A description of a series of events in time and space,
and inter-relationship among the events, provided the occurrence of a hazard is called a scenario. Exposure events could come from different types of direct and indirect actions or environmental processes, errors and other disturbances. In the risk based approach conventional action or load combination models established in reliability-based design methods should be
replaced with event scenarios, for example in the form of event tree. The event tree representation is a tool for evaluating event scenarios that could occur to the structure, and it also incorporates the associated probabilities of occurrence (Fig. 1).
Two significant types of consequences, both immediate and arise after a certain time, associated with the exposure to a structural system may be distinguished:
- direct consequences induced by damage to the individual constituents of the system,
- indirect consequences beyond the direct consequences, induced by changes of the system.

C
DIRECT RISK

F

EXk
C

D

INDIRECT RISK

F

INDIRECT RISK

EXj

SDi

D

NO RISK

Figure 1. Representation of the exposure in form of an event tree. Clarification: SDi – the ith version of
structure design, EXj – the jth scenario of exposure, D – damage, D – no damage, F – failure, F – no
failure, EXk – the kth extraordinary event, C – collapse, C – no collapse.

2.3 Direct and indirect risk
The risk RD associated with all direct consequences due to exposure events may be assessed as
follows (Faber et. al., 2006):
n EX nCD

R D = ∑∑ p (C l EX k )c D (C l ) p ( EX k )
k =1

(2)

l

where nEX is a number of exposure events, nCD is a number of possible different states of all constituents of the element Cl, p (C l EX k ) is the conditional probability of the l-th damage state of
the element Cl on the exposure event EXk with probabilistic characterization p ( EX k ) and
c D (C l ) is the direct consequence associated with the l-th of nCD possible state of damage of all
constituents of the element Cl.
The risk RID due to all indirect consequences of exposure events may be calculated using the
formula:
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n EX nCD nST

R ID = ∑∑∑ c ID ( S m , c D (C l )) p( S m C l , EX k ) p (C l EX k ) p ( EX k )

(3)

k =1 l =1 m =1

where n ST is a number of possible different structure states Sm associated with indirect consequences c ID ( S m , c D (C l )) and p ( S m C l , EX k ) is the conditional probability of indirect consequences on a given state of the constituents Cl and the exposure EXk.
Following (Faber et al., 2006) the direct risk RD is the measure of system vulnerability and
the ratio of direct risk to the total risk (R = RD + RID) is the measure of system robustness.
For a given set of the N different scenarios of actions, the risk associated with each scenario
can be computed and the corresponding index of robustness can be calculated using the generalization of equation (Faber, 2007a, Faber et. al., 2007b):
N

IR =

∑R
i =1

N

∑R
i =1

D ,i
N

D ,i

+ ∑ RID ,i

(4)

i =1

The robustness index takes values 0 ≤ I R ≤ 1 depending on the source of risk. If all risk is due
to direct consequences, the system is completely robust and I R = 1 . If all risk is due to indirect
consequences, the structural system has no robustness and I R = 0 .
3 RISK ACCEPTANCE
Acceptance criteria in structural engineering should take into considerations different consequences of failure, especially: loss of human life or serious injuries, economical, social and environmental losses. They can be derived from social indicators, which are statistics that express
some aspects of quality of life in society. When discussing the problem of acceptable risk levels
it is necessary to take into account the fact that individuals may have a different viewpoint to
what is acceptable risk as compared to the viewpoint of the society and decision makers. Considering activities related to civil engineering it is obvious that the preferences of individuals
may be in contradiction with the preferences of society. Therefore, a normative approach to
modelling of preferences and criteria for risk acceptance are essential. Commonly used formats
for risk acceptance are the so-called FN-diagram or FN- matrixes.

Figure 1. FN-diagram according to ISO 2394: 1998
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In Figure 1, the FN-diagram for acceptable risk to human life according to the formula:
P( f / year ) < A × N −α , from the ISO 2394 is presented. On the x-axis the consequences in
terms of the number of fatalities are given, and on the y-axis the probability of occurrence of the
collapse events are given. The plots in Figure 2 show domains of unacceptable, tolerable and
negligible risk to human life characterized by lines corresponding to constants: A = 0.1, α = 2
and A = 0.01, α = 2 (Wolinski, 2008).
In many cases relative costs of safety measures and consequences of structural failures are
defined by means of linguistic variables in natural language. For instance, in the ISO 2394:
1998 standard the target probabilities of failure are referred to the relative costs of safety measures defined as: high, moderate and low, and consequences of structural failure as: great, moderate, some and small.
In Figure 2 consequences of failure expressed by means of the fuzzy target probabilities of
failure and the relative costs of failure defined in terms of the membership functions, are presented together with the corresponding frequency-consequences diagram corresponding to recommendations given in ISO 2394: 1998 and EN 1990: 2002.

Figure 2. Fuzzy frequency-consequences FN-diagram

Complex social indicators are commonly used for optimization of the tolerable risk. Unfortunately, sufficiently reliable economic and demographic data as well as actual failure rates for
different types of building and engineering structures are insufficient, time-dependent and generally questionable. Moreover, life quality has more dimensions than consumption, long life and
leisure time which are usually considered. Ethical, esthetic, cultural and religious values can not
be measured by the standard life quality indicators, that usually incorporate questionable or unreliable data related to the quality of life: cost of averting to fatality, life expectancy, personal
well-being, time for leisure, healthy ecological environment, cultural heritage, etc.
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4 RISK BASED ASSESSMENT OF SERVICE LIFE
The difference between design of a new structure and assessment of an existing structure
consists in the available or collectable information about the structure related to exposure,
vulnerability, robustness and costs of improvements of the structural performance characteristics. The assessment of service life of existing structures may be understood as a process of
model formulation, consequence evaluation and model updating by introducing new information. The following main steps in the risk-based framework of the assessment process may be
distinguished:
• Select a list of doubts about a structure, an exposure, relevant limit states (deterioration, ultimate and serviceability limit states), reference period, etc.
• Confirm doubts by means of the preliminary inspection (study of documentation, site visit,
simple check, etc.).
• If doubts are confirmed, then further inspection, investigations and analysis should be
undertaken which include steps as follows:
- formulation of prior uncertainty models referred to actions, deterioration mechanisms,
behaviour of elements and the structure and models for the service life prediction,
- formulation of time-dependent performance and limit state functions, establishing
posterior probabilistic models (using different frameworks: conventional or Bayesian or
fuzzy-statistical),
- calculating direct and indirect risk, an index of robustness and remaining service life.
• Check compliance with codes and regulations (vulnerability), the level of robustness and
remaining service life of the structure.
• If the results of checking are positive, update the maintenance strategy.
• If the results of checking are negative, choices of repair and strengthening or demolition of
the structure is necessary, taking into account:
- assumed period of the remaining service life,
- refined limit states analysis,
- direct and indirect risk after repairs and strengthening,
- economical decision analysis.
5 ILLUSTRATIVE EXAMPLE
An existing open-area support structure for warehouse crane consists of n = 2 × 15 = 30 prefabricated reinforced concrete beams simply supported on columns fixed in isolated pad foundations. The structure is aged 22 years. Due to exposure conditions (i.e. large variation of moisture
and temperature as well as freeze and thaw) deterioration such as rebar corrosion, cracking and
spalling or delamination of concrete and the premature loss of functionality or collapse of beams
can occur.
• The preliminary inspection has shown the appearance of moisture and rust stains, few steep
cracks and poor quality of concrete.
• Considered beams have been designed using the limit states method and a partial factors format. The design values load bearing capacity for bending is Md = 224 kNm. Corresponding
value of the notional failure probability of one beam is equal p f = 5 × 10 −6 . The structural system consists of 30 beams and forms the series system. For series system with perfectly correlated elements ρ ij = 1 , p f = pi , f = 5 × 10 −6 while for series system with uncorrelated elements ρ ij = 0 , p f = 1 − (1 − p f ,i ) n = 1,5 × 10 −4. When elements of the considered series
system are equally correlated and the coefficient of correlation is ρ ij = 0.80 , the probability of
failure equals p f ≈ 2.1 × 10 −5. Unfortunately, values of correlation coefficients between the resistance of different beams are extremely uncertain.
• Five stages in development of reinforcement corrosion in concrete are commonly
distinguished (Bertolini et. al., 2004, fib, 2006): depassivation of concrete cover, initiation of
reinforcement corrosion, cracking of concrete, spalling of concrete cover, end of service life
or collapse.
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• Using simplified formulas based on the Fick’s law of diffusion and assuming that the
increase in the volume of the crack is equal to the volume of the corrosion products produces
when the diameter of the reinforcement bar is reduced, the corrosion initiation time tcor, the
cracking initiation time tcrc, the spalling initiation time tspl and the time to collapse tcol were
calculated (Thoft–Christensen, 2000, fib Bulletin, 2006, Liu & Weyers, 1998). The Monte Carlo
Method was used to perform the probabilistic calculations. Results of these calculations are presented in Figure 3.

Figure 3. Density functions for: (a) corrosion initiation time tcor, (b) cracking initiation time tcrc,
(c) spalling initiation time tspl, (d) time to collapse tcol ; where t is time in years, t (...) is mean value,
~
~
tcol ⇒ p (t ≤ tcol ) = 0.01

• Diagrams of theoretical and updated relationships between the age and the relative value of
direct consequences are presented in Fig. 4. According to the results of inspection after 22 years
of service the cost of necessary repairs and protection of damaged beams was estimated at 5%
of all beams replacement, instead of calculated theoretically 2%. In order to correct the theoretical diagram its second part was shifted up in a parallel direction and the updated mean values of
corrosion and cracking initiation time were calculated: t cor = 14.4 years and t crc = 23 years.
Then next two parts of the theoretical diagram were shifted up in the same way and the updated
mean value of spalling time t spl = 38.8 years and time to collapse t col = 73.2 years were
assessed.
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Figure 4. Diagrams of theoretical and updated relationships between the age and direct consequences.

• Service life of the structure may be defined in two ways: when the relative value of direct risk
RD achieves the target value (economic criterion) or when the relative value of indirect risk RID
due to collapse caused by corrosion of tension reinforcement achieves the target value (human
safety criterion, for instance according to ISO 2394: 1998). Replacement cost of all 30 beams
makes up 100% of direct consequences and the conditional probability of a person being killed
when at least one beam collapses makes up 100% of indirect consequences.
• The updated C D / C D ,rep ÷ t diagram in Fig. 4 can be used to assess the service life of the
structure. For example, assuming that the target value of relative direct consequences is 0.50,
the mean value of service life equals 52.4 years (RD = 0.5 × 0.5 = 0.25) and corresponding probability of human death p (t ≤ 52.4) = 0.0005 . For uncorrelated resistance of beams indirect
risk is RID = 1 × [1 – (1 – 0.0005)30] = 0.015 and belongs to the domain of tolerable risk shown
in Figure 1.
6 CONCLUSIONS
Risk in the structural engineering can be analyzed and evaluated by means of quantitative criteria for identified hazard scenarios, probabilities of considered events and their consequences, information obtained from inspections and assumed risk acceptance criteria.
The assessment of service life of existing structures may be understood as a process of model
formulation, evaluation of consequence and model updating by introducing new information.
The approach presented in the paper utilizes quantitative definitions of exposure, robustness
and vulnerability of building structures. Both direct and indirect consequences associated with
loss of functionality, failure or collapse should be taken into consideration.
The tolerable risk should be optimal with regard to benefits and costs and should be based on
human safety and socio-economic values.
The remaining service life of a structure may be defined in different ways, but it is strongly
recommended to assume the socially allowable indirect risk related to human safety and to minimize direct risk connected with all types of costs.

4.50

Hazard identification, modeling of hazard scenarios, estimation of probabilities and consequences compels the designer to careful examination of the whole building process and its interactions with safety, economy, social and natural environment. The presented approach provides
a helpful supplement to conventional assessment of building structures.
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ABSTRACT: Textile reinforcement of timber constructions leads to a substantial improvement
of the load bearing behaviour. On the one hand textile reinforcement is used to improve areas of
weak strength due to anisotropy. On the other hand it provides a better durability for
unprotected outdoor applications. In order to guarantee high bond strength over a long period of
time, it is necessary to evaluate wood-textile compounds, particularly in consideration of long
term effects.
Wood as a naturally grown material requires an accurate selection according to its intended
application in construction. During the process of design an engineer has to select suitable
materials and manufacturing methods based on the knowledge of the long term behaviour of all
components.
This paper presents fracture mechanics tests as well as peel test results on various wood-textile
compounds before and after natural or artificial weathering.
1 INTRODUCTION
1.1 Test Methods
In textile reinforced timber constructions wood profits from the high strength of fibre reinforcement. Reinforced composites profit from the appearance, ecological aspects and the low
price of wood. The builder can choose the textiles from a wide diversity according to the requirements of the surface. A better ductility of wood constructions as well as higher durability
during atmospheric exposure are further advantages of a textile reinforcement.
Generally speaking there is a complex system of environmental factors that influences the
wood-textile compound (Figure 1). The laminate itself consists of a textile embedded in a matrix that is bonded to wood. In order to take advantage of the high strength of the fibres,

Figure 1. Influence on wood-textile compound
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Figure 2. Test methods for assessment of wood-textile compound

it is necessary to obtain a high bond strength between wood and textile. A good durability of the
compound during its service time is crucial for a successful use of textile reinforcement in timber constructions.
For the assessment of wood-textile compounds two testing methods are used (see Figure 2).
The peel test determines the peel force according to ASTM D 3167 [1] and serves to analyse the
influence of the environmental factors.
Fracture mechanics tests deliver a characteristic bond value independent of the specimen
geometry. The fracture energy Gf can later be used in analysis and design. Two different setups
where chosen for testing fracture mechanics. The DCB cleavage specimen (Double Cantilever
Beam) is used for mode I fracture or delamination in a tensile test. The TENF-specimen
(Tapered End Notched Flexure) is examined using a three point bending test in mode II - shear
failure.
1.2 Materials and Manufacturing of Laminated Specimens
In order to investigate the fracture toughness of the wood-textile interface, all specimens have
been manufactured with textile reinforcement glued between two beams. The fracture tests have
confirmed a stable crack growth for solid wood as well as for intermediate textile layers. For
successful testing a careful wood selection is of great importance. To maintain the crack propagation at the interface, the wood fibers were oriented with an angle of three degrees.
Looking at Figure 2 it is apparent, that DCB- and TENF-Specimens have the same geometry.
Both specimens are 50 cm long, 5 cm high and 2 cm wide. At one side of the specimen a PTFE
foil is placed between the laminate and the wood. Due to this foil it is possible to ensure a uniform initial crack of 11 cm length in the interface of the fracture specimens. The TENFspecimen additionally got a tapered notch of 14 cm x 1.5 cm.
The peel specimen is 35 cm long and 2 cm wide (Figure 2). The specimens for natural weathering are 10 cm wide. The one for artificial weathering are only 5 cm wide, because of the limited geometry of the test devices.
All tests were conducted with specimens made of spruce (Picea abies). The oven-dry density
was determined with an average of 0.44 g/cm³. After sawing the wood specimens were planed
to get a smooth surface.
Two methods were used to manufacture the fracture mechanics and the peel test specimens:
Part of them was hand-glued whereas the other part was laminated using RTM (Resin Transfer
Moulding) method.
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Table 1. Properties of materials used for manufacturing

In case of hand lamination, the “wet in wet” process was done in one step. After coating
wood with resin, the textile was placed on it. Air bubbles were pressed out of the liquid matrix
by means of rollers. Finally, the specimens cured at room temperature. The climate in the laboratory was 20 °C temperature and 35 % relative humidity.
Table 1 shows the materials used for manufacturing the specimens. Among others aramidand carbon-fibres known for high tensile strength and Young’s modulus as well as a negative
thermal expansion coefficient were used. However, naturally grown fibers were also used, the
majority of the testing was done on glass fibre with epoxy resin.
In the first column of Table 1 gives an overview of the studied wood-textile composites. Two
component epoxy (VOSSCHEMIE Epoxy-LN-1) and unsaturated polyester (Vicovoss i25 B) as
well as the one component Polyurethane primer (VOSSCHEMIE G4) where used as adhesives.
The textiles varied in weight and structure. They were made of different kinds of fibre material.
2 FRACTURE MECHANICS TESTS
2.1 Test Setup
All fracture tests performed in mode I and II followed the recommendation of RILEM TC-133
[2]. The tests confirmed a stable crack growth for solid wood and glued joints with intermediate
textile layers and provided a basis for using fracture energy Gf as a measure for the quality of
bond strength.
2.2 Mode I: DCB-Specimen
The test setup for DCB-specimen is illustrated in Figure 2. The one end with the embedded foil
is clamped into the tensile testing machine by means of pins. The other end hangs in a loop.
Both mode I and mode II tests were displacement controlled. At first specimens were loaded
with a speed of 1 mm/min up to a cross head movement about 5 mm. Afterwards the loading
continued with a speed of 2 mm/min up to a displacement of 10 mm that was followed by a 30
second break during that the crack length was marked on both sides of the specimen. Finally,
the specimen was unloaded with a speed of 5 mm/min.
2.3 Mode II: TENF-Specimen
The TENF-specimen was tested in a three point bending test. Because of the special specimen
geometry and the embedded foil it was intended to create a shear failure at the interface between
wood and laminate.
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The supports are situated at a distance of 45 cm. The round shaped supports guarantee a free
rotation of the specimen during the bending test. The cross head moves with a constant speed of
1 mm/min. After a deflection of 5 mm to 7 mm the specimen is unloaded with a speed of
4 mm/min. Some tests series with large crack propagation were examined with smaller final deflection, in order to limit crack length to 15 cm.
Other than in mode I, crack propagation in mode II is very difficult to be recognized visually.
The exact crack length can only be measured after the test by splitting the TENF-specimen
completely.
2.4 Results and Discussion of Fracture Mechanics Tests – Fracture Energy Gf
The result of each test is a load versus deflection curve (Figure 3). Fracture energy in mode I
and mode II can be determined by assuming a stable crack growth. The fracture energy Gf is
calculated as shown in Equation 1, where Wcrack is the work that is needed to create a new crack
area Acrack.

G f , I / II =

Wcrack , I / II
A crack

(1)

In contrast to mode I, unloading in mode II is non-linear, as shown in Figure 3. Integration
over the total deflection would result in too high values for the fracture energy. Thus, a method
by Aicher [3] is used: For calculation of G f II it is assumed that the unloading branch from
maximum deflection down to the origin is linear elastic.
Some results of fracture tests in mode I and mode II are summarized in Figure 3. In mode I
fracture energy of textile reinforced specimens is about 30 % higher than fracture energy of test
series without reinforcement. Contrary to mode I, evaluation of fracture energy in mode II indicates a different performance. In this failure mode, laminated specimens have only negligibly
higher fracture energy in comparison to unreinforced specimens. Two of three test series with
specimens manufactured by means of RTM method have even up to 10 % lower values of fracture energy. Solid wood with about 1000 Nm/m² has the highest fracture energy in mode II.
The fracture energy for polyester resin was observed to be higher than for epoxy resin. This
general tendency is validated also by peel tests [4, 5]. An influence of the textile material or the
textile weight and structure was not observed.
Of altogether 300 conducted tests, 200 examined specimens were suitable for evaluation. The
rejection of about one third of the specimens had various causes. The RILEM TC 133 Report [2,
3] suggests a strict criterion for the stability of the crack growth that is defined by a load drop of
three per cent per second. This could not be guaranteed in all tested specimens due to the brittle
material behaviour of samples with a moisture content of wood of less than 10 %.

Figure 3. Crack work shaded in load-deflection curves and fracture energy Gf in mode I and mode II
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3 PEEL TESTS
3.1 Treatment of Peel Specimens

Figure 4. Natural and artificial weathering of peel specimens

The peel specimens were exposed to various weathering. The influence of the most important
environmental factors was determined by using natural and artificial weathering. Using artificial
weathering, it was possible to either study a single parameter or a combination of parameters.
The outdoor exposure was accomplished on a test field near Dresden using 30 steel frames
built according to DIN 53166 (Figure 4). The artificial weathering was done in a Global-UVTest device using the following cycles:
1) Cycle: Ultraviolet radiation (8 h UV radiation, 0.5 h Break)
2) Cycle: Climate
(4 h UV radiation, 1 h Rain, 3 h wet-warm climate, 0.5 h Break)
The peel specimens were treated in a device made by Weiss Umwelttechnik GmbH (Type
UV200). This device enables ultraviolet radiation from 290 nm to 450 nm wave length. Depending on the test series, the total time of weathering was up to 1000 hours during ultraviolet radiation and up to 2000 hours during exposure to a climate cycle.
3.2 Peel Test Setup
The peel test is used to evaluate the long term effects of weathering onto the wood-textile composite. The textile is peeled off by means of a device composed of three rollers with a constant
speed of 50 mm/min.
The peel test is displacement controlled. The peel force is recorded constantly over a distance
of about 280 mm every 0.5 second. The result of each test is a peel force versus displacement
curve (Figure 5). Finally the value of the peel force is divided by width of the specimen for further evaluation and comparison of all test series.

Figure 5. Interface failure modes RoW and RoT with corresponding Peel Force-Displacement plot
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3.3 Examination and Failure Modes of Laminated Specimens
Figure 5 contains two plots of peel specimens made of carbon fabric with different kind of failure modes. It is obvious that the peel forces are connected to the failure modes (Table 2). This
correlation between failure mode and bond strength was also observed in the fracture mechanics
tests. For a better understanding of the failure modes the interface of the wood-textile compound
has to be divided into two layers: first the interface between wood and resin and secondly the interface between resin and textile.
The tested peel specimens in Figure 5 show the typical failure modes of wood-textile compounds. The left picture shows resin on wood after delamination. During examination the textile
was peeled off and the resin remained on the wood surface (RoW). This kind of failure in the
interface between resin and textile requires high forces and leads to a relatively low distribution
of test results.
The right picture shows the failure of the interface between wood and resin (RoT). In this
case resin is still bonded to the textile and during crack propagation some wood fibres are splitted off the wood surface. This failure creates a smooth surface. It requires low loads and leads
further more to a wide distribution of test results. The laminate itself did never break, except in
test series with a laminate made of a multilayered glass textile complex. During peel tests this
kind of laminate was often splitted off completely.
3.4 Results and Discussion of Peel Tests
Table 2 contains the peel force and the appropriate failure mode for some test series selected
from over 1300 specimens made of a wide range of compounds with respect to resin and fibre
material as well as different kind of weathering.
The test scope in each series varies between 5 and 15 specimens. Nevertheless, some specimens were rejected and could not be used for evaluation because of broken textile, delamination
or strong weathering.
The symbols in Table 2 as well as the trend line in Figure 6 give an orientation for assessment
of the peel force, respectively the quality of the wood-textile compound. These results show that
the textile weight or pure ultraviolet radiation have no significant influence on the peel force
and durability of reinforced specimens.
On the one hand the examination of unweathered reference specimens with laminates made
of natural fibres lead to high peel forces and on the other hand there are laminates made of high
strength carbon- or aramid-fibres with only average peel forces.
Table 2. Experimental results of peel tests with accordant failure modes
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Peel tests of unweathered reference specimens made by RTM (Resin Transfer Method)
showed no improvement of the wood-textile compound compared to specimens made by hand.
The vacuum method mainly results in higher fibre volume content and less in an improvement
of the peel force. However, it was suggested that RTM would result in a better durability of the
wood-textile compound after outdoor exposure.
After 3 years of outdoor exposure all specimens showed a clear change at the surface of the
laminate at local inspection. Besides colour changes some erosion of the laminate surface was
observed. The consequence was that the textile was directly exposed to weathering.
After about 4 years of outdoor exposure some specimens were tested and the influence of
weathering on wood-textile compound observed varied significantly. For instance laminates
made of carbon- and aramid-fibres showed only a small decrease of peel force compared to
laminates made of natural or glass-fibres. The glass-fibres in combination with epoxy or polyester resin are very delicate materials to weathering. After only 1 to 2 years some clear corrosion
phenomenon could be observed if no topcoating was used. The laminate of these specimens, especially these made of translucent glass-fibres, peeled off from the wood surface. The woodtextile compounds showed partly delamination due to insufficient bond strength. Otherwise using a PUR resin higher bonding strength can be reached independently of the kind of material.
These facts show that for textile reinforced specimens an additional coating for all surfaces is
essential to improve the durability of wood-textile compound. This final coating is called topcoating and is based on an epoxy or polyester resin and can furthermore be coloured with paste
ink. Laminates made of polyester resin and glass-fibre fabric with a white or black coloured
topcoating showed up to 30 % higher peel forces compared to specimens without topcoating after 1500 hours exposure at a climate cycle. However, using an epoxy resin no significant change
in compound strength could be found for specimens with a coloured laminate compared to
transparent laminates.
3.5 Specimens after Exposure in the Global-UV-Test Device
The ultraviolet radiation has a physical effect on polymers that leads to post curing of resin under action of ultraviolet radiation and a higher brittleness of the laminate. However, after a period of 1000 hours of pure ultraviolet radiation no systematic influence on the peel force was
recognisable.
Figure 6 shows peel test specimens after exposure to a climate cycle from 0 up to 2000 hours.
Every specimen was reinforced with a laminate made of glass fibre and epoxy resin but without
any coating. Even after short time the ageing of polymer matrix is visible to the naked eye as
Figure 6 shows. In course of exposure the mentioned test series showed a change in failure
mode from predominant RoW at reference specimens to failure mode RoT at the end of exposure. Simultaneously an increasing of the Coefficient of Variation (COV) could be observed.
A comparison of peel test results in Table 2 shows that outdoor exposure is more harmful to
the wood-textile compound then the artificial weathering at the test device with only pure ultraviolet radiation.

Figure 6. Peel specimens after exposure in the Global-UV-Test device
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3.6 Summary and Outlook
In timber constructions textile reinforcement is used to improve weak strengths due to
anisotropy of wood and to achieve a better durability of unprotected outdoor applications.
The fracture mechanics investigations have confirmed a stable crack propagation in mode I
and mode II as well as for intermediate textile layers. The fracture tests provided a basis for
using fracture energy Gf as a dimension for the quality of the compound. The examination of
DCB- and TENF-specimens is suitable to characterise the interface between wood and textile
reinforcement.
Based on peel tests, the expectations of good bond strength of textile reinforced wood are met
and confirmed by high values of fracture energy. The fracture energy in mode I is up to 30 %
higher compared to solid wood. However, fracture tests in mode II resulted in approximately the
same values of fracture energy for reinforced wood as well as for solid wood.
The effect of the manufacturing methods was studied, too. The complex RTM or vacuum
method leads to higher values of fracture energy compared to specimens that are prepared by
hand only in few investigated test series. On the other hand, peel test specimens made using
RTM showed a much better durability during outdoor exposure.
Besides fracture tests, numerous peel specimens made of different kinds of compounds and
weathering were tested, too. The interpretation of the results proves to be difficult because of
the partly wide scattered test values and the increasing COV with time of exposure. Our
suggestion is to evaluate this still growing amount of data by means of statistical methods or
artificial neuronal network. Furthermore a verification, using a numerical simulation based on
all test data will lead to a simplification resulting mainly in shorter periods of weathering.
The results of the peel tests after exposure show that the laminate and all other wooden surfaces exposed to weathering have to be finished with a topcoat. Depending on the adhesive matrix used for lamination this coating should be based on an epoxy or polyester resin. It is essential that every part of the textile reinforced timber constructions is well maintained and observed
every few years to ensure a high quality of the wood-textile compound over a long period.
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Life Cycle Management Tools using LIFECON Procedures and
Calculation Methods
E. Vesikari
Technical Research Centre of Finland

ABSTRACT: Several life cycle management tools were developed in Finland during the years
2002 - 2008. The tools were designed applicable to bridges, roads, building envelopes and nuclear power plants. All these systems were based on the ideas of the European Union Project
LIFECON in 2001-2003. The objective of the LIFECON project was to develop a model of a
predicted and integrated life cycle management system for infrastructures.
The procedures and methods of the LC management tools are described in this paper. They include the total procedure of the LC management system, the combined condition, cost and environmental impact analysis, and the mathematical formulation of degradation models, Markov
Chain analyses and life cycle analyses.
1 INTRODUCTION
All the developed life cycle management tools were based on the ideas of the European
Union project LIFECON in 2001-2003. The objective of the LIFECON project was to develop a
model of a predicted and integrated life cycle management system for concrete infrastructures.
The basic ideas could be expressed by the following characteristics of the system: predictive,
integrated, life-cycle based and probabilistic.

Inspection of Structures

Database

Life Cycle Management Tool

Structural database
MR&R action design
Modular database
Project design
MR&R system database
Annual resources design

Implementation of MR&R Actions

Figure 1. Life Cycle Management System. Database and Life Cycle Management Tool.
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The structures, whether bridges, roads, buildings or nuclear power plants, are divided into
smaller parts which can be treated as homogenous with respect to materials, structural features
and environmental conditions. These structural parts are called “modules” and they serve as
basic structural units in the analysis and planning processes of the system. The structural
databases which serve as initial data sources in the calculation processes are consistent with the
modular breakdown of structures.
The process of the life cycle management system is presented in Figure 1. The process starts
from the inspection of structures and ends in the implementation of maintenance, repair and
rehabilitation (MR&R) actions. The LC management tool uses the data of the database and
makes the preliminary plans for the MR&R actions. Some of the developed management tools
are capable also of project design and annual resources design. The database contains datatables
on structures and modules, and MR&R actions.
2 PROCEDURE OF THE LCM SYSTEM
Basically the LIFECON management system is generic i.e. independent on the structures to
which the system is applied. Only the degradation models and the MR&R actions are specific to
the structures for which the system is developed. All the rest could be applied to any structures
in which predictable degradation occur. The LIFECON management system is described in the
reference (Söderqvist & Vesikari, 2003).
DATABASE OF
MR&R SYSTEMS
PROTECTION SYSTEMS
REPAIR SYSTEMS
RENOVATION SYSTEMS

M R&R S ystem ID
M aterial and structural data
Consum ption and m easuring data
Unit cost data
Environm ental im pact data
Degradation rate data
Retardation data (protection syst)
Reference service life data
Repair effect on condition data

DATABASE OF
MODULES

DATABASE OF
STRUCTURES
Structure ID
Construction data
Surface area and measuring data
Environmental exposure data
Material and structural data

Module ID
Structure ID
Surface area and measuring data
Environmental exposure data
Material and structural data
Coefficient on degradation
Condition (inspection) data
Performed actions data (incl.
MR&R System ID, and year)
Data for automatic timing of actions
Manually timed actions
Damage data (inspection)

DATA OF THE ACTIVE MODULE
Module specific data from the structural and modular databases
Checking of the values (Min, Max check, default values)
Final values for parameters of LC analyses

MR&R System ID

LC ANALYSIS TABLE
DATATABLE OF
SPECIFIED AND
TIMED ACTIONS

DATA FOR EVERY YEAR WITHIN THE DESIGN PERIOD
Analysis of the protection
system

Analysis of module

Timing
System ID of protection method
Predicted service life
Transition probabilities
Condition state distributions
Timing logic
Effects on structural degradation
Costs
Environmental impacts

Timing
System ID
Predicted service life
Transition probabilities
Condition state distributions
(for several degradation types)
Timing logic
Costs
Environmental impacts

Project ID
Structure ID
Module ID
MR&R System ID
Year of action
Quantity of action
Cost data
Environmental impact data

Macro

Figure 2. Calculation process of the life cycle management tools.
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Figure 2 shows the calculation process and the data flow schematically. On the top the
databases of structures, modules and MR&R systems are presented. The databases which in
some cases can be connected to some exterior databases form a considereble part of the system.
Only one module in turn is active in the LC analysis processes. The data of the active module
is extracted from the databases. The checking system of initial data consists of a minimummaximum check and application of default values in case of missing data. Then the module
specific data are inserted in the LC analyses
The LC analyses have been systemised so that the calculation processes are always the same
irrespective of the module at hand. Only the initial data change according to the active module.
As a result of the LC analyses MR&R actions are defined and timed and the data on action
specific cost and environmental impact data are determined. The data on actions are gathered by
a special macro to the data table of specified and timed actions.
In some of the LCM tools the process goes on to Project Design and Annual Resources
Design. These phases entail sorting, filtering and supplementing of data for the datatable of the
specified and timed MR&R actions.
3 COMBINED LIFE CYCLE ANALYSIS
The core of the management system consists of a combined condition, cost and
environmental impact analysis. The condition analysis is produced automatically based on
degradation models and predefined limit states of condition. The condition analysis is stochastic
(based on the Markov Chain method) and it is capable of predicting the probability of the
structure to be at any of the condition states during the treated design period. The analysis
consists also an automatic condition guarding system which is able to trigger MR&R actions
whenever the predefined limit state of condition is exceeded.

2007
2008
2009
2010
2011
MR&R actions
.
.
Condition
2050
analysis
2051
based on
.
.
Markov Chain
.
+
.
Condition
2101
guarding
2102
system
.
Design
period
.

Life cycle
cost
analysis

Environmental
impact
analysis

Figure 3. Combined Life Cycle Analysis.
The Markov Chain based condition analysis may consist of several degradation types. In case
of concrete structures they are:
• carbonation and corrosion
• chloride penetration and corrosion
• carbonation and corrosion at cracks
• chloride penetration and corrosion at cracks
• degradation of concrete
• degradation of possible protection system
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The condition analysis ranges from the initial year to the end of the design period. As a result
the condition state distributions with respect to every degradation type are predicted taking into
account both degradation and possible MR&R actions. The changes in condition as a result of
MR&R actions are evaluated by models.
The degradation rate of a module can be retarded by protection measures. There are different
kinds of protective measures. Some of them are applied on the whole surface of the module others are applied only to cracks. The effect of protection depends on the condition of the protective system which is normally reduced by time.
MR&R can also be defined and timed manually. These definitions are stored in the database.
The manually defined MR&R actions are considered in the analysis processes but they do not
prevent the automatic condition guarding system from working.
As a result of the above mentioned reasons the timing logic of an automatic analysis becomes
rather complicated. In Figure 4 a typical timing logic is presented.
First year

Manually
defined
timing?

Automatic
timing

Timing of protective
measures

No

Next year until the last

Yes
Which protection system?

Surface
protection
system?

No

- Costs
- Environmental impacts

Crack
filling?

Yes

Yes

- Effects on condition
of surface protection
- Service life / rate of
degradation of
surface protection

Yes

Condition analysis of
surface protection

Max probability exceeded?
Other conditions
fulfilled?

Effects on rate of degradation
of structure

No

First year

Manually
defined
timing?

Automatic
timing

Timing of repairs
and renovations

No

Yes
Next year until the last

Which repair/ renovation system?

- Costs
- Environmental impacts

- Effects on condition of structure
- Service life / rate of degradation of
structure

Yes

Condition analysis of structure
Many degradaton types:
- Carbonation and corrosion
- Chloride penetration and corrosion
- Fysical deterioration of concrete
- Carbonation and corrosion at cracks
- Chloride penetration and corrosion
at cracks

Max probability
exceeded for repair?
Other conditions for
repair fulfilled?
No

Yes

Max probability
exceeded for renovation?
Other conditions for renovation fulfilled?

Yes

Max probability
exceeded for crack filling?
Other conditions for crack
filling fulfilled?

No
No

Figure 4. Timing logic of an automatic calculation process.
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The timing of actions is based on the condition of a module or a protective system. Any of
the degradation types may trigger an action. The criteria for triggering an action are set as the
maximum probability for exceeding the limit state. However, there may be other conditions too
that have to be fulfilled. The actions must be checked off by the designer (a parameter that
shows that a repair or a protective measure is desired) and the times of repeated actions must not
exceed the defined maximum. The repair actions trigger normally also the protective actions if
the module is defined as protected.
3. MATHEMATICAL FORMULATION OF CALCULATIONS
3.1 Degradation models
Many kinds of degradation models can be used in the condition analyses. In the Finnish LCM
tools so called “reference structure models” were used in the bridge application and special
empiric models were used for the roads. The factor method for service life prediction was used
in the case of buildings and the so called “Duracrete models” were used for the nuclear power
plants.
Whatever types of models were used they were eventually transformed into a degradation
model which expresses the degree of degradation with time. In all cases the degradation could
be expressed by a power function of time. Both the coefficient a and the exponent n were usually functions of material, structural and environmental parameters.

f = a ⋅tn
where
f is
a
n

(1)

degradation function
coefficient (function of material, structural and environmental parameters), and
exponent of time (function of material and environmental parameters).

The degradation function f expresses the relative degradation with the value 0 at the beginning of service life and 1 at the end of service life. Considering a discrete degradation ranking
system N[0,1,2,...,Nls,Nls+1,…Nmax], where state N=0 corresponds to the degradation value f=0
and state Nls (limit state) corresponds to value f=1 we can write as follows (Vesikari, 2003):

N = c ⋅tn
where
c is
n

(2)

coefficient, and
exponent of time .

The relationship between the coefficients c and a is the following:

c = N ls ⋅ a

(3)

where NLS is the limit state (0<Nls<Nmax).
The exponent n is the same in both equations.
3.2 Markov Chain and transition probabilities
The Markov Chain method is based on a discrete condition state distribution as expressed
above. The condition of structures is expressed as a vector presenting the probability of a module to be at any of the condition states. The condition state vector is expressed year by year
ranging through the design period. The number of condition states is normally between 5 and
10. In the following examples of Markov Chain we have assumed a 5-state system [0,1,2,3,4]
the maximum condition state Nmax being 4. The chosen limit state is Nls = 3.
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A condition state vector, W, looks in a 5-state system like that presented in Equation 4. The
elements of the vector, wi, express the probability of the module to be at states i. As the module
must be at some of the condition states the sum of probabilities must be 1.

W (t ) = [w0 , w1 , w2 , w3 , w4 ]

(4)

where each wi is a probability between 0 and 1 and Σwi = 1
The annual changes in a condition state vector are predicted by transition probability matrices. There are two kinds of transition probability matrices: (1) matrices for degradation and (2)
matrices for MR&R action effects. To predict the annual effects of degradation on the condition
of a module the matrices for degradation are used. The matrices for action effects are used only
for those years when MR&R actions are performed.
In a 5-state system the assumed transition probability matrix would look like that in Figure 5.
The elements in the matrix express the probability of a module to transit from the prevailing
condition state (vertical axes) to any other condition state (horizontal axes) within a year. In the
case of degradation we usually have an assumption that the modules either remain at the same
state or drop to the next one within a year. In that case the sum of the “remain-in-state” probability and the “drop-to-next-state” probability must be 1 and so the "remain-in-state" probabilities can be determined by subtracting the "drop-to-next-state" probabilities from 1. Since there
is no higher condition state than 4, modules attained that condition state cannot transit to any
other condition state. Thus the transition probability, p44, is always 1 (lower right corner of the
matrix).
State
0
1
2
p01
0
0
1-p01
1
0
1-p12
p12
2
0
0
1-p23
3
0
0
0
4
0
0
0
Figure 5. Transition probability matrix for degradation.

3
0
0
p23
1-p34
0

4
0
0
0
p34
1

For determination of transition probabilities (p01, p12, p23 and p34) we have the requirement
that the average condition calculated by the Markov Chain must equal to the average condition
determined using the degradation model. Considering now that we have a degradation model
N(t) (ref. Equations 2 and 3) the “drop-to-next-state” transition probabilities can be determined
approximately as follows (Vesikari, 2003):

pi ;i +1 =

(5)

1
Δt i ;i +1

where

Δti , i +1

is the period of time needed to change the condition from
state i to state i+1, year.

In case Equations 2 and 3 are valid an approximation for the transition probabilities can be
determined as follows:

pi ;i +1 =

(6)

1
1
n

⎛ i +1⎞
⎛i⎞
⎜
⎟ −⎜ ⎟
⎝ c ⎠
⎝c⎠

1
n
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Accordingly the transition probability matrix can be solved using Equation 6. The degradation matrix can be considered defined when the degradation model is defined. Then the condition state distribution for each year, W(t), is obtained by multiplying the condition state distribution of the previous year by the transition matrix P, as given in Equation 7.

W (t ) = W (t − 1) × P

(7)

The purpose of using Markov Chain instead of degradation models as such is that by the
Markov Chain method the condition analysis is made stochastic. In a stochastic condition
analysis the timing of MR&R actions can be based on the reliability theory.
The effects of intervention actions are predicted by matrices of MR&R action effects. The
appearance of an action effect matrix is as follows:
State
0
1
2
3
4

0
p00
p10
p20
p30
p40

1
0
p11
p21
p31
p41

2
0
0
p22
p32
p42

3
0
0
0
p33
p43

4
0
0
0
0
p44

Figure 6. Transition probability matrix for MR&R action effects.
The action effect matrices are specific to each MR&R action. As it is assumed that the condition state is always improved by an action or at least the condition state remains the same all
probabilities above the diagonal are 0. Other elements may have a value ranging from 0 to 1.
The sum of each row of probabilities must be 1. Normally repair actions bring the structures
close to the perfect condition so that the elements in the first column of the matrix are close to 1.
3.3 LC Analyses
The calculation processes of LC analyses for a module are presented in Figure 7. At top left
we can see the transition probability matrices of a module for degradation before the repair, for
action effects of the specified repair action and for the degradation after the repair. The condition state vectors of the module are determined at left using Equation 7. The analysis table is
programmed so that an action is triggered every time (actually in the following year) when the
predefined maximum allowable probability for exceeding the limit state is exceeded. The probability of exceeding condition state 3 is obtained by totaling the probabilities of the module to
be at state 3 and state 4 (Prob(3)+Prob(4)).
In years of MR&R actions the corresponding MR&R costs are added in the cost counter on
the right hand side of the calculation table. Both real costs and present value costs are determined. The environmental impacts are determined and totalled in the same way. As an example
the non-renewable energy and the CO2 consumption are determined in the table. All calculations
in the table are performed per m2. The analysis data are summarised in the upper right corner
(for the whole design period per m2 and for the whole surface area of the module).
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State
0
1
2
3
4

Transition probability matrix of original structure
0
1
2
3
4
0.74
0.26
0
0
0
0
0.77
0.23
0
0
0
0
0.79
0.21
0
0
0
0
0.79
0.21
0
0
0
0
1

DEGRADATION OF
ORIGINAL STRUCTURE
Coefficient c
0.3
Exponent n
0.9

State
0
1
2
3

Transition probability matrix of repair
0
1
2
3
1
0
0
0
0.95
0.05
0
0
0.92
0.05
0.03
0
0.9
0.05
0.03
0.02

REPAIR DATA
Cost
Non-Ren Ener
CO2

4

State
0
1
2
3
4
State
Year
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

0.88

0.05

0.03

0.02

4
0
0
0
0

100
100
10

GENERAL DATA
Design period
Discount rate
Surface area

0
Prob(0)

1
Prob(1)

2
Prob(2)

3
Prob(3)

4
Prob(4)

LC COSTS PER UNIT AREA
Cumulative real costs
200
Cumulative PV costs
111
Average annual costs
5.00
Equalised annual costs 4.64
Non-Ren Energy
200
CO2
20

Euro/m2
MJ/m2
kg/m2

DEGRADATION
AFTER REPAIR
Coefficient c
0.1
Exponent n
1.2

1.000
0.738
0.544
0.401
0.296
0.218
0.161
0.119
0.088
0.065
0.048
0.035
0.026
0.910
0.776
0.662
0.565
0.482
0.411
0.351
0.299
0.256
0.218
0.186
0.159
0.135
0.116
0.099
0.084
0.914
0.780
0.665
0.568
0.484
0.413
0.353
0.301
0.257
0.219
0.187
0.159
0.136
0.116
0.099
0.084
0.914

0.000
0.262
0.397
0.450
0.453
0.428
0.389
0.343
0.297
0.253
0.212
0.177
0.146
0.049
0.173
0.255
0.304
0.330
0.339
0.336
0.324
0.307
0.287
0.265
0.243
0.220
0.199
0.179
0.159
0.046
0.171
0.254
0.304
0.330
0.339
0.336
0.325
0.308
0.288
0.266
0.243
0.221
0.200
0.179
0.160
0.046

0.000
0.000
0.059
0.136
0.209
0.267
0.307
0.329
0.337
0.332
0.318
0.298
0.275
0.025
0.029
0.055
0.092
0.130
0.165
0.195
0.218
0.234
0.244
0.248
0.247
0.242
0.234
0.223
0.211
0.023
0.027
0.053
0.090
0.129
0.164
0.194
0.217
0.234
0.244
0.248
0.247
0.242
0.234
0.223
0.211
0.023

0.000
0.000
0.000
0.013
0.039
0.076
0.117
0.159
0.196
0.228
0.252
0.268
0.277
0.011
0.014
0.017
0.024
0.038
0.056
0.078
0.101
0.124
0.145
0.164
0.179
0.191
0.199
0.204
0.205
0.011
0.013
0.016
0.023
0.037
0.055
0.077
0.100
0.123
0.144
0.163
0.178
0.190
0.199
0.203
0.205
0.011

0.000
0.000
0.000
0.000
0.003
0.011
0.026
0.050
0.083
0.123
0.170
0.222
0.277
0.006
0.008
0.011
0.015
0.020
0.028
0.040
0.057
0.079
0.106
0.137
0.173
0.212
0.253
0.296
0.340
0.007
0.009
0.012
0.015
0.021
0.028
0.040
0.057
0.079
0.105
0.137
0.172
0.211
0.252
0.295
0.339
0.007

TOTAL LC COSTS
Cumulative real costs
10000
Cumulative PV costs
5526
Average annual costs
250
Equalised annual costs
232
Non-Ren Energy
10000
CO2
1000

REPAIR CRITERIA
Limit state
3
Max Prob
0.5

Average DeProb (>3)
0.00
0.26
0.52
0.76
1.00
1.23
1.46
1.68
1.89
2.09
2.28
2.46
2.63
0.15
0.30
0.46
0.62
0.78
0.95
1.12
1.29
1.46
1.63
1.80
1.96
2.12
2.28
2.42
2.56
0.15
0.30
0.46
0.62
0.78
0.95
1.12
1.29
1.46
1.63
1.80
1.96
2.12
2.27
2.42
2.55
0.15

0.000
0.000
0.000
0.013
0.042
0.086
0.143
0.209
0.279
0.351
0.422
0.490
0.553
0.017
0.022
0.028
0.039
0.058
0.084
0.118
0.158
0.203
0.251
0.301
0.352
0.402
0.452
0.500
0.546
0.018
0.022
0.028
0.039
0.057
0.084
0.117
0.157
0.202
0.249
0.299
0.350
0.401
0.450
0.498
0.544
0.018

Repair
criteria
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0

Years
%
m2

RESULTS

0.02

Transition probability matrix of degradation after repair
0
1
2
3
4
0.85
0.15
0
0
0
0
0.81
0.19
0
0
0
0
0.80
0.20
0
0
0
0
0.78
0.22
0
0
0
0
1

40
3
50

Number of LC costs
repairs
real
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3

0
0
0
0
0
0
0
0
0
0
0
0
0
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
300

Discount LC costs Non-Ren
factor discounted Energy
1.000
0.971
0.943
0.915
0.888
0.863
0.837
0.813
0.789
0.766
0.744
0.722
0.701
0.681
0.661
0.642
0.623
0.605
0.587
0.570
0.554
0.538
0.522
0.507
0.492
0.478
0.464
0.450
0.437
0.424
0.412
0.400
0.388
0.377
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Figure 7. Example of a LC analysis for a module (schematically).
3.4 Considering interaction between protection methods and condition of module
The effect of protective measures such as coatings on the degradation of a module is demonstrated in Figure 8. Left we can see the condition analysis of the coating and right the condition
analysis of the coated module. The coating retards the rate of degradation of the module. This is
modeled so that the transition probabilities of degradation of the module are changed as follows
(mc is a retardation factor, 0 < mc < 1):
transition probabilities “drop-to-next-state” pi;i+1 → mc.pi;i+1
transition probabilities “remain-in-state”
pi;i → 1 - mc.pi;i+1
The effect of protection is reduced as depending on the condition of coating itself. So the retardation factor is increased proportionally to the probability of attaining service life of the coating, Pc. The necessary changes in the calculation processes for determination of condition state
distributions of the module are presented in Figure 8. The LC costs and environmental impacts
are determined on the right hand side including the costs and environmental impacts of the coating.
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Figure 8. Example of LC analysis processes for a coated module (schematically).
Figure 9 presents the probability of exceeding the limit state with time in the above example
of a coated module. The coating affects on the probability values of the module. In Figure 10
the real costs and present value costs have been determined cumulatively taking into account
both repair costs and recoating costs.
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Figure 8. Condition (probability of exceeding the limit state) of coating and structure with time.
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Figure 9. Real costs and present value costs cumulatively with time.
SUMMARY
Several life cycle management tools were developed in Finland during the years 2002 - 2008.
The tools were designed applicable to bridges, roads, building envelopes and nuclear power
plants. All these systems were based on the ideas of the European Union Project LIFECON in
2001-2003..
The life cycle management tools can be used for life cycle design and systematic maintenance
of structures. The tools make it possible to predict the condition of structures and to plan, organise and optimise all MR&R actions for a continuous upkeep of structures.
The core process of the system is the combined condition, cost and environmental impact
analysis. The condition analysis is based on Markov Chain.
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Maintenance, repair and rehabilitation of RC buildings
Özgür Bozdağ, Mutlu Seçer
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ABSTRACT: Maintenance, repair and rehabilitation of RC buildings have become a popular issue due to catastrophic earthquakes occurred in last decades. In this study, retrofitting methods
are presented from cost effective and sustainable building perspective in order to upgrade the
seismic safety of RC buildings. Rehabilitation techniques used for RC buildings are described,
construction issues are discussed in general and some suggestions are provided on the use of
techniques. This study describes realistic, practical, and cost-effective techniques to mitigate
seismic deficiency. Seismic rehabilitation of nonstructural components is not included in this
paper.

1 INTRODUCTION
A vast amount of RC buildings in the existing building stocks is under a risk of poor performance in earthquakes because most of these buildings were built before the advent of the seismic
codes with design forces equal to small ratio of the weight and with non-ductile detailing. Some
of these RC buildings will perform well in future earthquakes, but others may not have the ability to survive earthquakes without severe damage and possible collapse because of the insufficient seismic performance. Under these circumstances, there is a significant need to perform
adequate assessment of RC buildings and to investigate possible retrofitting schemes prior to future seismic event. Another benefit of seismic retrofit is to prevent the occurrence of sudden
structural failure or damage before predicted lifetime in the design phase of the building.
The goals of seismic retrofitting for improving the seismic performance of existing RC buildings are usually to increase strength and stiffness, to enhance performance of existing structural
elements, to increase deformation capacity, and to improve the connection strength between
components. There is general agreement that a RC building should be as ductile as possible so
that adequate warning of incipient collapse is given by large deflections and crack widths. Furthermore, ductility also enables a redundant structure to redistribute the bending moments under
external actions as well as providing a safer structure under earthquake loading. Increasing
structural strength such as adding new members to the structure or enchaining ductility like using additional reinforcement detailing, will turn into some cost penalty. This requires structural
engineer to make a selection of an appropriate earthquake retrofitting system and to make some
form of cost-benefit assessment of the available alternatives in terms of both initial costs and life
cycle cost manners. Moreover, developments in construction technologies and innovations in
retrofit technologies add challenge in selecting technically, economically and socially acceptable solutions.
Since retrofitting is an important parameter for improving structural safety and residual service life of structures, a large number of researches have been conducted to develop new techniques for seismic rehabilitation around the world. Beside the structural safety, maintenance and
repairing have the purpose of minimizing the impacts of obsolescence before costs become sub-
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stantial. In this paper, general retrofitting techniques of RC buildings are outlined from structural safety and sustainable building perspective.
2 BUILDING SUSTAINABILTY AND SEISMIC REHABILITATION
A building which is built to have the least impact on the natural environment, both in terms of
the building itself and its surroundings and global settings is referred as sustainable building.
For constructing a building in a sustainable way, minimization of non-renewable resource consumption and enhancement of the natural environment are basic requirements to be followed.
The building sector is one of the most important sectors for social and economic activities,
being responsible to create, modify and improve the living environment of humanity (Bragança
& Koukkari 2007). Parallel to rapid development in building sector, safe and sustainable building concept and life cycle analysis methods become more popular issue in recent years. The
lifecycle of a building project starts before any physical construction activates and ends after its
useable life (Bragança et al. 2007). Life cycle of building includes the manufacture of building
materials, transportation of building materials to construction site, erection of building, occupancy, renovation, demolition and removal phases (Bozdağ & Seçer 2007). In life cycle analysis, a building should be able to fulfill the estimated service life which includes all these phases.
However, buildings may reach to the end of its usable life before the predicted lifetime in the
design phase due to natural disasters like earthquakes.
When a building has structural deficiencies, earthquakes can heavily damage or collapse a
building before its predicted life time. In this case, building waste and other kinds of wastes are
suddenly produced and removal of these wastes becomes a great problem because of huge
amount of waste and lack of disposal sites. For instance, following the Erzincan earthquake on
13 March 1992 in Turkey about 1 million tones, following the Northridge earthquake on 17
January 1994 about 2 million tones and following the great Hanshin-Awaji earthquake on 17
January 1995, Kobe, Japan as 20 million tones of total earthquake induced structural waste has
been collected (Lauritzen 1998). This situation is unacceptable from environmental point of
view. These earthquakes also showed that most of the collapsed buildings were specially dwelling type of RC structures. In order to compensate sheltering demand, new buildings are required
in very short time after the earthquake. On the other hand, constructions of new buildings have
considerable environmental impacts, sudden consuming limited resources of the planet including energy, raw materials, water and land.
The concept of service life is at the very core of the life cycle consideration; additionally, it
relates to concept of performance based building (Trinius & Sjöström 2007). Building components such as building materials, construction technique, isolation details etc. are selected according to building facilities and estimated service life. These components constitute initial investment cost of the building. Since service life influences initial cost, the building should be
able to sustain the predicted life time. Also, all life cycle considerations estimated in the design
phase of a building may become waste with the destructive earthquake.
After catastrophic earthquakes occurred in last 20 years, improving the seismic safety of existing RC buildings against earthquakes have gained attention among researches. In order to
asses the structural performance several methodologies are established and many guidelines are
prepared such as SEAOC Vision2000 (1995), ATC-40 (1996), FEMA-356 (2000) and FEMA440 (2005). Furthermore, some countries like Turkey, these methodologies have become a part
of the seismic design codes for evaluating the seismic performance of RC buildings (TERDC
2007). The four structural performance levels are generally described to define seismic performance of a building which are immediate occupancy, life safety, collapse prevention and collapse
performance levels. The rehabilitation objective selected as a basis for design will determine, to
a great extent, the cost and feasibility of any rehabilitation project, as well as the benefit to be
obtained in terms of improved safety, reduction in property damage, and interruption of use in
the event of future earthquakes. In general, it is intend to improve the seismic performance of a
RC building to life safety performance level. In the present paper, common retrofitting techniques for existing RC buildings are summarized.
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3 REHABILITATION APPROACHES FOR RC STRUCTURES
The aim of the seismic retrofitting is to improve ductility and strength of the structural system
so that failures of the some local structural elements are not cause to global instability or collapse. In general, two main approaches are considered for a seismic retrofitting of structural systems: global rehabilitation and local modification of isolated components of the structural system (FEMA-356 2000, FEMA-547 2007, TERDC 2007). In the first approach, the structural
system is retrofitted so that capacities of the structural and nonstructural components are greater
than the target performance demands such as target displacement, plastic deformation. The objective of the latter approach is to improve the deformation and/or shear capacity of deficient
components for satisfying their specified limit state conditions. Common global system and local component retrofitting techniques are summarized in the following sections.
3.1 Global System Retrofitting Methods
Global system retrofitting of the structure is effective method if ductility of the structural components shows deficiencies to earthquake induced lateral displacement of the building or if
strength of the structural members is not adequate to resist earthquake loading. Addition of
structural walls, steel braces, base isolators or strengthening of partitioning walls is common
global retrofitting approaches. Passive energy dissipation methods are not generally preferred
for reinforced concrete structures because the displacements required for this type of systems to
be effective usually are beyond the ductility capacities of the existing structural components.
Some global system retrofitting methods are described below.
3.1.1 Addition of structural walls
Addition of new reinforced concrete walls is a common method of seismic rehabilitation. The
objectives usually are to reduce lateral drifts overall, as well as to avoid story mechanisms. In
design phase, attention must be paid to distribution of the walls in plan and elevation for minimizing the structural irregularities; transfer of inertial forces to the walls through floor diaphragms, struts, and collectors; integration and connection of the wall into the existing frame;
and transfer of loads to the foundation.
Structural walls may generally be constructed by two ways: addition of in-plane shear walls
and addition of shear walls adjacent to the existing structural system (Fig. 1). New structural
walls should be continuous from base to top of the building. Lateral earthquake loads could be
transmitted between new members and existing structure by well detailed anchorages. Also,
foundation of the structure must be strengthened against huge bending moment and shear force
which come from new structural walls.

Figure 1. Retrofitting with shear walls
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3.1.2 Addition of steel braces
Addition of steel bracings to RC buildings is a retrofitting method for increasing the lateral load
resisting capacity of existing buildings. The main advantage of adding steel braces is increasing
the stiffness without a significant increase in the building weight. The bracing methods are divided into two main categories: internal bracing and external bracing.
In the internal bracing method, the existing building is retrofitted by integrating new steel
bracing system inside the individual bays of the RC frames (Fig. 2). The bracing may be attached to the RC frame either directly or indirectly. In the direct internal bracing, steel braces
are placed into the RC frames and anchored to the existing structural system. In the indirect internal bracing, a new steel frame is formed into the existing RC frame and steel braces are positioned inside this new frame.
In the external bracing system, existing buildings are retrofitted by attaching steel bracing
system to the exterior RC frames. Advantages of external bracing system are easier construction
access and perhaps less cost. Also, braces positioned parallel to the façade can be connected to
the exterior faces of existing structural system easily. However, this type of system is visible
and may impacts the exterior building finishes and may form cross in front of some windows.
Not only varieties of diagonal brace configurations but also varieties of brace member section
types can be used in retrofitting planning. The new steel braces can be configured as concentric
or eccentric braced frame. Concentric braced frames are commonly used because of the simplicity of the detailing issues. Eccentric braced frame systems are generally not preferred as a retrofitting method because of high retrofitting costs and difficulties in satisfying adequate ductility
of the link elements.

Figure 2. Retrofitting with steel brace

3.1.3 Addition of base isolators
The main idea of seismic isolation is to lengthening a buildings fundamental period and reducing the seismic demand transmitted from the ground of the building. This method is commonly
used in new buildings but it has also to be used in important existing buildings such as protection of historic buildings or for buildings that contain important operations and functions. Seismic isolation is usually a very expensive rehabilitation strategy for existing buildings.
Seismic isolation is satisfied by using elastomeric or sliding bearings (Fig. 3). Elastomeric
bearings include high or low damped rubber, and low damped rubber with lead cores. The friction pendulum system is common way of sliding bearings. Seismic dampers are generally used
as a part of the isolation system in order to limit excessive lateral displacements. Flexible buildings on very soft soils may not achieve much benefit from seismic isolation. This technique is
most effective for relatively stiff, low rise building with large mass.
Elements of the superstructure can be constructed on top of the isolation bearings for a new
designed isolated building. However, the superstructure of an existing building is already in its
place and in order to perform seismic isolation; cutting the base of columns, installing new
foundations and new horizontal structure above the isolator, installing the isolators and transfer-
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ring load to the isolators without damaging movements of the superstructure are required. All of
these steps increase the total cost of seismic isolated building.

Figure 3. Elastomeric and sliding bearing type base isolators

3.1.4 Strengthening of partitioning walls
In RC building design, the effects of partitationing walls are neglected but somehow these walls
generally affect the structural behavior of the buildings. Partitationing walls increase the seismic
strength of the building and reduce the excessive lateral displacements effectively.
It is possible to retrofit RC buildings by strengthening of partitationing walls in frames (Fig.
4). For this purpose, three retrofit methods are usually used: strengthening partitioning walls
with wire mesh, strengthening partitationing walls with FRPs and strengthening partitationing
walls with precast panels. However, these methods are efficient for low rise buildings up to
three floors (TERDC 2007). Strengthened partitioning walls should be continuous from base to
the top of the building. While many global retrofitting techniques are available for seismic rehabilitation, the strengthening of partitationing walls presents a significant advantage when attempting to minimize both costs and disruption especially ordinary vulnerable low rise RC
buildings.

Figure 4. Strengthening of partitioning walls

3.1.5 Reduction of the total mass
Reduction of the mass of the structure is an efficient way to reduce earthquake loads and improving the seismic performance for excessive heavy buildings. Efficiency of this method increase when the mass is reduced from upper stories of the building.
Total mass may be reduced through demolition of upper stories, replacement of heavy roof
systems with lighter one, removal or changing of the heavy cladding or interior partitioning
elements, or moving heavy storage and equipment loads from top to base level.
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3.1.6 Addition of energy dissipation devices
Installation of energy dissipation devices may be an effective rehabilitation strategy for excessive flexible buildings. Adding energy dissipation devices like seismic isolators is not relatively
common for seismic rehabilitation of existing buildings.
Energy dissipation devices are classified as displacement-dependent and velocity-dependent
devices. Displacement-dependent devices include friction devices and metallic yielding devices.
Velocity-dependent devices are solid and fluid viscoelastic devices. Moreover, shape-memory
alloys, friction-spring assemblies, and fluid restoring force-damping devices are also used as energy dissipation devices. The analytical and design effort for a rehabilitation design involving
damping is more complex than other retrofitting methods.
Rehabilitation of existing buildings with energy dissipation devices are very costly as well as
seismic isolation and are generally preferred for special buildings.
3.2 Local Element Retrofitting Methods
The objective of local element retrofitting method is to increase the deformation capacity of deficient components so that they will be able to reach their specified limit state. Although some
existing RC buildings have global adequate strength and deformation capacity, some of structural local elements may not have enough strength or ductility to satisfy the design code requirements.
Local element retrofitting includes improvement of component connectivity, component
strength, and component deformation capacity. These retrofitting methods are more economical
rehabilitation approach than the global system retrofitting methods when only a few structural
system components are inadequate.
3.2.1 Retrofitting of Beams
The aim of this retrofitting method is to improve the shear strength and/or ductility capacity of
RC beams. The shear failure of RC beam is sudden and brittle failure mechanism and it is less
predictable. It is more dangerous than the flexural failure since it gives no advance warning before the failure. Various methods are developed for strengthening reinforced concrete beams
against shear. Wrapping RC beams with external ties, adding external bounding of steel plates
to RC beams and wrapping RC beams with FRPs are some of the common methods used for retrofitting of RC beams.
In the first method, new ties are attached on the beam surfaces for improving the shear
strength of the beam during the earthquake (Fig. 5).

Figure 5. Retrofitting beams with jacketing

This method can be applied using various application details. Since wrapping with external
ties does not provide confinement effect, the ductility of a RC beam is not enhanced.
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Strengthening of RC beams using external bounding of steel plates is another usual retrofitting technique. Steel members are bonded to the sides of the beam web by using epoxy in order
to improve the strength and stiffness significantly.
FRPs have shown great promise in rehabilitation of existing RC structures and are preferred
as a retrofitting technique when the shear strength and/or ductility capacity of RC beam is not
sufficient. FRPs are generally applied as strips or continuous plates. This technique does not result in an increase in the total weight of the structure. No corrosion characteristic and high
strength are other advantages of FRPs in strengthening. However, the linear stress–strain characteristics up to failure and lack of yield plateau may reduce the overall ductility of the
strengthened RC beams.
3.2.2 Retrofitting of Columns
By improving ductility of structural members, it may be possible to withstand against earthquakes without increasing the strength of the members. RC jackets around a column, steel jacketing or FRP wrapping are common column retrofitting methods and generally used for improving flexibility of column elements. RC and steel jackets are very easy and efficient way for
improving ductility capacity of a column (Fig. 6). However, retrofitted element strength should
not exceed the beam-column connection capacity. In RC jacketing method, the cover of column
element is removed and column is enlarged after the addition of proper number of new ties.
Steel jacket is usually formed with four angles at column corners and steel plates located with
proper spacing. Similar to jacketing methods, FRPs are wrapped around the column as fibers
parallel to the shear ties for improving the shear strength. When columns are retrofitted by using
FRP wrapping, there is no loss in net floor area. However, cost of RC and steel jacketing is
lower than FRPs wrapping in many cases.
Sometimes, not only improving only the ductility but also improving the flexural strength of
columns may be required. For this purpose, after removing concrete cover new longitudinal bars
which are continuous from base to top and stirrups are placed on column surfaces and columns
are enlarged up to reach required flexural strength. By passing the new longitudinal bars
through out the floor continuously, beam-column connections are also be strengthened indirectly.

Figure 6. Retrofitting of columns with jacketing

4 CONCLUSION
Many existing RC buildings in seismic regions have insufficient earthquake performance and do
not satisfy current seismic code requirements such as unfavorable structural system configuration and poor element detailing. There is urgent need to retrofit these vulnerable structures so
that their seismic performance improved to life safety performance level. After carefully planning and executing, retrofitting techniques upgrade the seismic safety of a RC building, while at
the same time being sensitive to the issues of sustainability. Retrofitting of buildings will also
reduce lifetime costs, and improve the economic, environmental and human productivity per-
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formances. Properly retrofitted buildings are less expensive, easy to operate and able to maintain over its lifetime.
In order to reduce the earthquake induced damages, existing buildings should be rehabilitated
for improving the seismic performance during earthquake. The practice of improving the seismic performance of existing buildings also known variously as seismic rehabilitation is a difficult process and includes many components which should be detailed carefully. The rehabilitation of existing RC buildings shall not result in a reduction in the performance level of the
existing building and shall not create a new structural irregularity or make an existing structural
irregularity more severe. Also, the rehabilitation measures shall not result in an increase in the
seismic forces to any component that is deficient in capacity to resist these forces and all new or
rehabilitated structural components and elements shall be detailed and connected to the existing
structure in compliance with the requirements of the seismic standards.
The global system and local component retrofitting techniques such as jacketing, bracing, and
infill walls have proven to be constructible and economically feasible for many RC buildings. It
is important to find most appropriate and cost-effective retrofitting technique since the cost of
such rehabilitation projects is an obstacle for many building owners. The costs may involve not
only the actual construction, but the expenses associated with relocation of operations and loss
of rental revenue or production during the period of construction. Since the practice of earthquake engineering is rapidly evolving, and both our understanding of the behavior of buildings
subjected to strong earthquakes and our ability to predict this behavior are advancing. In the future, new knowledge and technology will provide more reliable methods of accomplishing
seismic safety and improving the sustainability of buildings.
REFERENCES
ATC–40. 1996. Seismic evaluation and retrofit of concrete buildings. Applied Technology Council.
Redwood City. California.
Bozdağ, Ö., Seçer, M. 2007. Energy Consumption of RC buildings during their life cycle. Sustainable
Construction, Materials and Practices – Challenges of the Industry for the New Millennium: Portugal
SB07, Lisbon, Portugal.
Bragança, L., Koukkari, H. 2007. Sustainability and integrated life cycle design, Action C25: Sustainability of Constructions – Integrated Approach to Life-time Structural Engineering Proceedings of 1st
Workshop: Lisbon, Portugal.
Bragança, L., Mateus, R., Koukkari, H. 2007. Assessment of building sustainability, Action C25: Sustainability of Constructions – Integrated Approach to Life-time Structural Engineering Proceedings of
1st Workshop: Lisbon, Portugal..
FEMA–356. 2000. Prestandard and commentary for seismic rehabilitation of buildings, Federal Emergency Management Agency. Washington DC. USA.
FEMA–440. 2005. Improvement of nonlinear static seismic analysis procedures. Federal Emergency
Management Agency, Washington DC. USA.
FEMA–547. 2007. Techniques for seismic rehabilitation of existing buildings. Federal Emergency Management Agency, Washington DC. USA.
Lauritzen, E.K. 1998. Emergency construction waste management, Safety Science, 30:45-53.
SEAOC Vision 2000. 1995. A framework of performance-based seismic engineering of buildings. Structural Engineers Association of California. Sacramento California. USA.
TERDC. 2007. Turkish Earthquake Resistant Design Code. The Ministry of Public Works and Settlement. Ankara. Turkey.
Trinius, W., Sjöström, C. 2007. Service Life Methodologies. Action C25: Sustainability of Constructions
– Integrated Approach to Life-time Structural Engineering Proceedings of 1st Workshop: Lisbon, Portugal.

4.77

On the rehabilitation of historical buildings-Sustainability aspects
Ö. Cöcen
MSc in Rest Arch, Faculty of Architecture and Engineering, Yaşar University, Izmir, Turkey

E. Efthymiou
Dr.-Ing., Institute of Metal Structures, Aristotle University of Thessaloniki, Thessaloniki, Greece

ABSTRACT: In the last years, an ongoing restoration activity of existing structures and especially of historical buildings is world widely observed. Nowadays, the strong trend for keeping
alive the architectural heritage and reviving the cultural treasure of the structures is becoming
increasingly popular. At the same time, the role of environmental parameters regarding the design and construction of building applications is becoming more significant and the green building perception is being adopted by more and more factors in the construction field. The present
paper deals with rehabilitation processes and sustainability issues. The scope of the present research effort is to enlighten the relationship between intervention techniques in old structures
and especially historical buildings and sustainability aspects. All principles of the conservation
and restoration of historical buildings are thoroughly described, while in aspect of materials
which can be friendlier to their historical value and to the environment, the use of the most
popular metals, i.e. steel and aluminium in refurbishment practices is presented. Furthermore,
the concept of applying sustainable criteria in restoration works is in details analysed by relating
the intervention techniques with sustainable aspects and all parameters regarding the integration
of sustainable design in rehabilitation of old structures with historical value are investigated.
This paper deals with the environmental refurbishment of historical buildings and represents the
first paper of a research activity focused on this objective which is completed in a second companion paper where a case study approach is adopted and LCA results are presented.

1 INTRODUCTION
During the last decades a continuously increasing trend for restoration of existing structures and
especially historical buildings is worldwide observed. As a matter of fact, in countries where
there is a large amount of historical monuments and structures characterized by an architectural
value, their structural rehabilitation is a necessity in order to prevent them from gradual degradation and at the same time to revitalize the architectural legacy. Along with the great historical
value and sociological significance of the preservation of cultural heritage, the corresponding
refurbishment works represent in fact an activity which deserves a particular attention by architects, structural engineers and practicing engineers. It is a highly sophisticated procedure that
requires deep knowledge, special scientific skills and operative treatment. In addition, in the latest years the role of environmental parameters in the construction field is becoming more and
more significant, whereas sustainable performance involves minimizing building costs, materials and waste, minimizing energy use and improving energy efficiency of the structure (Maydl
2006). The green building perception has been adopted by a rapidly increasing number of engineers and all factors in construction industry acknowledge the importance in assessing the impact of building activities on the environment, economy and society.

4.78

In this framework, there is a need to combine rehabilitation engineering with the sustainability
concept, to implement sustainability criteria regarding the interventions in historical buildings,
complementing functionality and structural stability. This paper aims to set restoration works
into a new perspective along with the necessary structural aspects by adding also environmental
aspects and life-time engineering elements. The scope of the present research effort is to
enlighten the relationship between intervention techniques in historical buildings and sustainability aspects with emphasis on the use of two of the most commonly used metals, steel an
aluminium. Both metals have a significant role in the contemporary structural refurbishment
field, while they incorporate special characteristics in terms of sustainability.
2 HISTORICAL BUILDINGS AND RESTORATION
2.1 Cultural heritage and historical buildings
In general, heritages are living remains of past lives and traditions which are important in
description of today’s values as well as being essential for founding tommorrow’s identity. They
are considered as contributions to the culture of the world irrespective of their origin and
therefore are conceived as the property of all mankind no matter whether it is privately or
nationally owned. Heritages are described as movable or immovable property of great
importance to the cultural heritage of every people, such as monuments of architecture, art or
history. They can be either religious or secular archeological sites and also groups of buildings
which, as a whole, are of historical or artistic interest (Madran & Özgönül 1999).
Regarded the definition, the focus of this paper is on architectural heritage as the definer of the
setting of cultural accumulations. The architectural heritage consists of monuments and groups
of buildings. Based on the definition made in European Charter in Amsterdam in 1975, the
monuments include architectural works, whether conceived on a grand or a modest scale,
including both fixtures and fittings, as well as monumental sculptures and paintings of
historical, archaeological, artistic, scientific cultural or social interest while the group of
buildings are regarded to be urban and rural buildings which are of interest by their social,
historical, archeological or artistic value or of their typical and picturesque as well as forming a
whole which allow the buildings, the structures connecting them and the site which they occupy
to be delimited geographically. This definition was reconceived in resolution that was stated in
Granada in 1985 and in the following convention again in Granada in 1985 to cover examples of
vernacular, rural, technical, industrial architecture, civil engineering examples and 19th and 20
th century architecture and environment (Fig. 1).

i)Agia Sofia-Istanbul

ii) Hotel de Ville -Paris

Figure 1. Historical Buildings

Today many historical buildings are threatened by ignorance or obsolesence, however may the
policies, theories and intentions be for the good. A great amount of this architectural heritage,
propably the majority, is either physically degraded, damaged or even destroyed by
misapplication of contemporary technologies and ill-considered restoration works. Since they
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are the elements where the cultural values are embodied, besides the historic and physical
values, also the social and cultural values undergo loss.
2.2 Principles of restoration in historical buildings
Based on the global adoption of heritages, an international common conscious in their
preservation has been in the agenda of nations especially since the period after the Second
World War. Since then many research institutions and many conferences, seminars and
workshops produced sorts of documents in various contents concerning theory and practice
regarding preservation of heritage. As it is apparent today, the preservation of an architectural
heritage cannot be approached as a single fact but as an “integrated conservation” act where
social, economical, cultural and physical values are considered as a whole. It is a complex
procedure where local authorities, private owners and public are in cooperation and the planning
policies, the architectural design and implementation of decisions and practices are managed in
coordination. İn addition, practice and scientific and historic research are in mutual relation,
whereas legal, administrative,financial and technical support are integrated. Henceforth, the
conservation of architectural heritage is the building’s maintenance as part of an appropriate
environment, whether manmade or natural, its utilisation and its adaptation to the needs of
society. Conservation includes measures to safeguard and steps in order to ensure a physical
preservation of their constituent parts.
In restoration operations it is important to consider all necessary aspects in order for the
building to be integrated to today’s life, society and physical environment and to be able to to
adapt to the needs of modern life. In addition, new functions are assigned with a social purpose
that must respect the character of the building and the environment
Thus, in conservation projects the key point is the restoration, repairment or consolidation of the
building that sustain all discussions on economical, social, cultural and etc. or on theory and
practice to exist. For restoration projects, full knowledge on the original architectural,
constructional and structural characteristics has to be built and that has to be conceived with the
contemporary inputs (Ahunbay 1996). The approach, in reference to reason d’etre of
conservation act, has to base on sustain the architectural characteristics of the past through the
present and to the future. Therefore it is the essence of restoration projects where:
• The causes of the material deterioration has to be traced by analysis and monitoring of
weathering processes, monitoring of the the impact of pollutants and other agents of
deterioration, a study on the materials and structures and examination of their reaction to
weatering agents with keeping in mind the previously implemented treatment
• The buildings have to be enhanced to be more resistant to weathering agents by
identification of the defects that weaken the structure, permit penetration and capillary
movement of water.
• The traditional techniques have to have priority in use and be replaced by the contemporary
techniques in the case where the old is inadequate
• The contemporary technique in technical and constructional measures has to be flexible and
reversible.
• Replacements of missing parts shall be done in a way not falsifying the prevailing evidence.
• Additions shall not made the way to change the traditional composition and characteristic of
the building (Erder 1999).
3 REHABILITATION AND STEEL: SUSTAINABLE ASPECTS
In case of historical buildings the strengthening systems based on steelwork are widely and successfully used. Steel is a traditional material like cement and reinforced concrete which is used
extensively in consolidation interventions. Steel-based structural systems and technology applications exhibit high mechanical performance and at the same time provide great flexibility regarding the design and construction in restoration activities (CEN 2002). The advantages of
lightness, stiffness and its ability to cooperate harmonically with most of materials in historical
buildings, make steel very competitive in rehabilitation engineering, while in terms of sustain-
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ability, steelworks can generate many environmental credits regarding the intervention activities. (Mazzolani & Mandara 2002).
According to the structural element of the building that needs to be consolidated, there are many
popular restoration systems based on steel used in restoration (Newman 2001). First of all, steel
elements are used in order to strengthen the basic structural elements of a building, i.e. the columns and the beams. They are also easily used in order to reinforce or replace the old slabs of
the floors, where they are fixed by means of anchors and in many cases there is a replacement of
the floor by using steel girders (Ermopoulos et al. 2001). By using steel sections, sheets, plates,
the major demand of reversibility is satisfied besides the structural strengthening of the building,
while in view of energy conservation and efficiency minimum use of space and materials is accomplished.
Steel based systems in restoration projects contain also low waste due to accurate design specifications of steel elements, which provide an overall sustainability improvement, as it has significant influence on the indoor environmental performance and on the usage of operational energy. In order to provide resistance to the developing seismic and other horizontal actions, the
system of enchained facade walls with steel profiles or the use of steel bracings can be used.
They consist one of the most popular seismic upgrading operations regarding historical buildings (Mazzolani & Ivanyi 2002). A large number of historical buildings are made of masonry
and in order to improve the load bearing capacity of the masonry walls vertical steel profiles reinforce the damaged masonry and support the building elements in order to accomplish further
repair works or stabilize the masonry, see Figure 2 (Karantoni 2004).

Figure 2. Use of structural steel sections in old damaged masonry

Regarding thermal performance, intervention techniques based on steel enable insulation, functional services and controlled airflows for good thermal response. The dry and inorganic materials in steel interventions disable possible moisture problems during erection and completion,
making the construction work easier and more cost efficient (Andresen et al. 2004).
In rehabilitation applications, steel’s high strength-to-weight ratio proves to be an important factor, since its exploitation can result in low overall environmental impacts. Structural steel solutions in old damaged buildings create new spaces which provide great flexibility regarding future changes or replacements. They are very adaptable construction systems that can easily be
extended or changed. This feature of flexibility of steel structural systems is exploited also in
refurbishment works, where existing facades must be retained or the adjustment of historical
buildings to today’s high standards of structural performance is required and steel based recladding or over-cladding of the building seems to be the ideal application (Steel Construction
Sector Sustainability Committee 2003). Steel frames have been successfully used in many examples in monumental constructions in historical centres of cities as self supporting structures,
which have been inserted into the structures and have provided a suitable integration with modern characteristics, while keeping the existing perimetric walls (Fig. 3).
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Figure 3. Steel in historical buildings- Bedesten in Thessaloniki

4 ALUMINIUM IN RESTORATION WORKS AND SUSTAINABILITY CREDENTIALS
Aluminium is a relatively new material in the building and construction market and until recently many engineers hesitated due to the fact that many factors concerning its structural performance were not clear, and in many cases they were even unknown. Nowadays this lack of
knowledge on its structural performance is covered, since the codification on design and analysis of aluminium structures- Eurocode 9 (CEN 2004) has its final form and provides all specification and codified procedures and rules for the design of structural aluminium members. Aluminium and its alloys represent a wide family of constructional materials, whose mechanical
and physical properties make them popular in civil engineering applications (Kissel & Ferry
2002). In spite of their higher initial cost compared with structural mild steel, such materials are
finding increased application in the structural field due to their peculiar features, which generally offer several benefits when the whole lifetime of the project is considered, as they exhibit
high mechanical behavior and good ductility as steel.
In the latest years, aluminium is often used in rehabilitation works as an innovative solution
which provides many advantages in restoration activities due to the exploitation of aluminium
alloys special features. Fist of all aluminium fulfils the basic principle in restoration works,
which is the reversibility, a characteristic that enables aluminium to cooperate with other materials of the past and to create an integrated functional structural scheme. Besides its structural
efficiency aluminium and aluminium alloys are characterised by properties that make them extremely appropriate materials for rehabilitation activities in historical buildings and at the same
time provide sustainable functions when a holistic approach is adopted. Aluminium’s high
strength-to-weight ratio and their lightness give advantages in cases of vertical or lateral extensions, where an increase of the overall volume of the historical building is desired and in
strengthening doesn’t cause an extra dead load on the supporting construction. In addition, light
aluminium results in minimal transportation energy and costs and easy to handle with in the
construction site. Another characteristic of aluminium alloys is their corrosion resistance which
results adopting a good performance in highly corrosive environments (Mazzolani 1995). Along
with this characteristic, structural aluminium has a very long life cycle, ranging from 30 to 50
years and due to durability, the maintenance costs of the restoration applications are reduced
and a longer serviceable lifetime is assured, which is an essential aspect of implementing lifetime engineering, namely the integration of life-cycle perception in structural works.
In addition, aluminium extrusion feature enable the specialist involved in restoration design and
construction to configure aluminium sections and adjust geometrical shapes can to any particular specification and need of the historical building under considerations thus providing multiple
solutions. Furthermore, the extrusion feature of aluminium alloys makes them really competitive as the geometrical properties can be improved through the design of sections, as stiffened
shapes can be obtained without using built up systems and as simplifying connecting systems
among different structural members, thus improving joint details (Baniotopoulos 2003).
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Furthermore, aluminium alloys exhibit excellent recyclability. Used aluminium products and
scrap can be recycled and at the same time the environmental impact related to recycle processes is reduced. As almost all aluminium material used in construction can be recycled, the
considerable energy invested in the production of primary aluminium can be reinvested into
other aluminium products. Scrap may not necessarily be recycled back into its original product
or even reused in the country in which it was first manufactured, but the original energy investment will not be lost. An increasing use of recycled aluminium can contribute sufficiently to
minimising the environmental impacts (EAA 1999).
The use of aluminium cladding on building facades is a promising construction alternative for
building or the renovation of non-insulated buildings. Aluminium cladding is placed at a proper
distance from the external wall, ranging from 5-10 cm for alignment purposes. The air gap that
is created between the building’s wall surface and the aluminium cladding, acts as a thermal
buffer zone. In particular, curtain walling or roofing can use aluminium with glazing or other
transparent and semitransparent materials, creating uninterrupted large surfaces and atriums.
These systems are durable and achieve high levels of thermal insulation and airtihtness. A characteristic example of aluminium based system regarding external refurbishment of historical
building is depicted in Figure 4.

Figure 4. Aluminium based cladding system in a historical building

Another important aspect of aluminium members in restoration works is that they can insert new
technological systems in the old buildings in order to exploit all advanced systems in order to
ensure reducing environmental impacts. They can cooperate with new technologies, namely solar power captors can be inserted in aluminium frames, thus saving considerable amounts of energy and protecting the environment. Numerous techniques are being adopted and processes including photovoltaics, optimised passive ventilation mechanisms and appropriate light and
shade management are applicated in order to ensure long term sustainability and at the same
time static stability and fitness. By means of these innovative systems, where aluminium is the
basic structural element the environmental performance of constructions can be improved and
thus providing more sustainable solutions. Despite the initial high cost and the rather increased
amounts of energy consumption during production, the special features of alloyed aluminium
enable sustainable performance when there is an holistic consideration (Radlbeck et al 2004)
that takes into account all parameters of life-time engineering.
5 CONCLUSIVE REMARKS
In the framework of a wide range of structural engineering activities regarding the restoration of
historical building and the corresponding intervention works, there is a need for an integrated
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approach which combines structural integrity and sustainable performance. The environmental
management of rehabilitation techniques, the choice of construction materials that respect the
historic character, strengthen the structure and at the same time reduce environmental impacts
and minimise the waste production are some of the aspects of the relationship between rehabilitation engineering and sustainability.
Towards this goal the two most popular metals, i.e. steel and aluminium can provide significant
solutions and satisfy life-time engineering requirements. Despite of their relatively high initial
cost, especially in case of aluminium, by considering the overall service life of the structure they
seem to be in many cases the optimal solution of direct long-term rehabilitation and loadbearing upgrade. Features as high corrosion resistance, high strength-to-weight ratio, good ductility, ease of fabrication and erection and aesthetic appearance enable these metal based systems to exhibit sustainable construction credentials in refurbishment activities, especially in
view of satisfying fully the requirement of reversibility. Of course there are a lot of other issues
regarding sustainable design of historical buildings restoration works which require a detailed
treatment, such as the energy restoration of old buildings or the influence of the great variety of
aluminium alloys, issue which can be future research objectives.
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ABSTRACT: SPEAR is the acronym for the European research project Seismic PErformance
Assessment and Rehabilitation of existing buildings, and the SPEAR building is the three-storey
replica of an existing non-seismic building, full-scale tested at the ELSA Laboratory. The building was intended as representative of the southern European construction practice of the ‘60s
and ‘70s, and the mock-up was built by reproducing materials and detailing of that period. The
most interesting feature was the presence of a number of sources of structural irregularity, resulting into a 10% in-plan eccentricity.
The mock-up was pseudodynamically tested as subjected to a bidirectional seismic input. The
test sequence included a series of tests on the structure in its original configuration as well as in
two conceptually different rehabilitated configurations. The first configuration corresponded to
the attempt of increasing the global available ductility by increasing the confinement in all the
potential plastic hinge zones, and was practically enforced by use of FRPs. The other configuration aimed at reducing the torsional response, which had been found responsible for a large percentage of the total interstorey deformation. This was done by concrete-jacketing a limited
number of columns, so to re-locate the centre of strength in the vicinity of the gravity centre.
Whereas the first method proved to be somehow more effective in terms of structural behaviour,
an assessment of the two different solutions is sought in terms of life-cycle cost-benefit analysis.
Based on the results of the testing activities, and reverting to the real building, the cost-benefit
analysis is carried out for the two rehabilitation measures and the two solutions are compared.
The method represents a rational basis for deciding upon the best rehabilitation measure, and
could be extended to take into account environmental issues.

1 THE SPEAR EXPERIMENTAL ACTIVITY
The SPEAR structure is a simplification of an actual three-storey building representative of construction practice of the ‘60s and ‘70s in southern European countries, without specific provisions for earthquake resistance. A thorough description of the aims and the experimental and
numerical activity of the SPEAR project is given elsewhere (Negro et al. 2004, Molina et al.
2004).
The structure is regular in elevation: it is a three-storey building with a storey height of 3 meters. The plan configuration is non symmetric in two directions (Fig.1), with 2-bay frames spanning from 3 to 6 metres; the presence of a balcony on one side and of two offsets increases the
plan irregularity, shifting the centre of stiffness away from the centre of mass.
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Figure 1: The SPEAR structure

Eight out of the nine columns have a square 250 by 250 mm cross-section; the ninth one, column C6 in Fig. 1, has a cross-section of 250 by 750 mm, which makes it much stiffer and
stronger than the others along the Y direction, as defined in Figure 1, which is the strong direction for the whole structure.
The centre of stiffness (CR) (based on column secant-to-yield stiffness) is eccentric with respect to the mass centre (CM) by 1.3 m in the X direction (~13% of plan dimension) and by 1.0
m in the Y direction (~9.5%).Given the bi-eccentricity of the specimen, a bi-directional PsD test
had to be carried out, with the application of both components (longitudinal and transverse) of
the chosen input accelerogram; three degrees of freedom (DoFs) per storey were thus taken into
account: two translations and one rotation along the vertical axis.
Two different retrofitting techniques were applied to the specimen: the first one consisted in
increasing the ductility supply of the vertical elements and of selected joints by means of Fiber
Reinforced Polymer (FRP) wrapping. Glass fiber wraps were used, with unidirectional fiber orientation for the columns and quadriaxial fiber orientation for the joints and the strong column
C6, expected to exhibit significant shear damage.
After removing the FRP wrapping, the second retrofitting intervention was carried out, consisting of RC-jacketing of selected vertical elements (columns C1 and C4 in Fig. 1, along their
whole height), with the aim of relocating the centre of strength of the structure to reduce torsional effects in the seismic response.
The choice to try and relocate the centre of strength rather than the centre of stiffness complies with the recent trends being discussed within the scientific community (Rutenberg & Tso
2004). According to the recent proposals, the practice, adopted by all codes, of modifying the
distribution of seismic forces to take into account the stiffness eccentricity should be abandoned, on the grounds that the response of the structure is dominated by its nonlinear behaviour
rather than by its initial stiffness properties. The consequences of this approach would be profound: if the strength distribution is made regular, the nonlinear response would not be affected
by the irregular distribution of initial stiffness. In order to tackle only the strength distribution
with the least possible modifications of the stiffness eccentricity, a very thin layer of concrete
was added, covering a large amount of longitudinal corrugated steel rebar.
Three rounds of tests were thus carried out: the first one on the structure in the as-built configuration, the second one in the FRP-retrofitted configuration and the third one in the RCjacketed configuration. The accelerograms used as input were the Montenegro ’79 Herceg-Novi
records for the longitudinal and transverse component, artificially fitted to the EC8 spectrum,
scaled to different levels of peak ground acceleration (PGA): 0.15g and 0.20g for the original
structure, 0.20g and 0.30g for the specimen in the two retrofitted configurations, and applied to
the structure according to the combination of direction and orientation that would maximize torsional effects, based on a number of pre-test numerical simulations. Moreover, a preliminary
test at low PGA level (0.02g), carried out in each of the three configurations, allowed the first
mode shapes of the structure, along with its initial frequencies and modal damping values to be
estimated (Molina et al. 1999).
Global quantities, such as displacement and rotation at the CM at each floor, base shear, storey shears, storey drifts, absorbed energy at each floor and for each degree of freedom, were
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measured. Local instrumentation was also set at the top and bottom of a number of columns and
beams, in the most meaningful locations.
In the following, only the results of the 0.20g PGA intensity test will be briefly discussed. For
a more detailed presentation of the experimental results, see (Fardis & Negro 2005, Mola & Negro 2006).
2 THE SPEAR EXPERIMENTAL ACTIVITY: HIGHLIGHTS OF THE RESULTS
2.1 Original Structure
The most significant features of the seismic response of the SPEAR irregular specimen that
came out of the PsD tests in the as-built configuration were presented and discussed in detail in
(Negro et al. 2004, Molina et al. 2004), with a focus on an evaluation of the performance of
codified assessment procedures in correctly predicting such aspects. For this reason, only the
main aspects are reported in the following.
First of all, as expected, torsional effects strongly affected the response, in an often unpredictable way: a comparison between the drift measured at the CM and the drifts of the edge columns, the most deformed ones, clearly showed that the effects of torsion on the drifts of the
edge columns were remarkable in both directions. In the X direction, where the structure was
more flexible and the drift at the CM was already quite large, the maximum drift reached at the
CM was 55 mm, whereas the maximum drift reached at the edge columns C1, C2 and C5 was
about 70 mm In the Y direction the maximum drift reached at the CM was 45 mm, whereas the
maximum drift of the edge columns C4 and C7 was above 70 mm, i.e., more than 50% larger.
These increases are larger than could be expected when considering the values of plan eccentricity of the structure in themselves: an eccentricity of about 10% is defined in all currently
codified assessment procedures, (Mola & Negro 2006), as not likely to have major effects. Nevertheless, it was proven by the test that in this case the interaction of the eccentricity in both directions had a role that cannot be neglected in enhancing the torsional effect on the response
even if the two eccentricity values were not large.
Moreover, the failure mechanism developed by the specimen was of the soft-storey kind but
at the second floor and not at the first one, as was reasonably expected due to the higher axial
load of first storey columns that would negatively affect the ductility capacity of their cross sections. The effects of higher modes and the dynamic amplification of eccentricity were clearly
pointed out by this behaviour: the above mentioned remarks can be clearly understood when referring to Fig. 2-4, where the time history of drifts in the X and Y direction at the second floor
are plotted (dotted blue lines), together with those at the CM of the same floor (magenta line).
Finally, it became quite obvious that the almost total lack of ductility of the vertical elements
(due to the poor structural detailing design) was a key factor in leading to failure, especially
since the drift demand on edge columns was so significantly increased by the rotational component of the response.
As recalled above, the retrofitting strategies that were thus conceived aimed at tackling on
one side the shortcomings of the vertical elements in term of ductility supply (FRP wrapping),
on the other side at reducing the ductility demand through the reduction of the rotational component of the response (RC jacketing).

Figure 2: Second storey column drifts compared to that of the CM: columns C5, C1, C2
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Figure 3: Second storey column drifts compared to that of the CM: columns C9, C3, C4

Figure 4: Second storey column drifts compared to that of the CM: columns C8, C6, C7

2.2 FRP-retrofitted specimen
A fully-detailed presentation of the experimental results is carried out in Molina et al. (2004),
Fardis & Negro (2005), where a compared discussion of the effectiveness of the different retrofitting strategies in tackling the torsional effects is provided.
In Fig. 5, the global hysteresis loops (i.e. the base shear vs top displacement lines) for the
FRP retrofitted specimen are reported (dotted magenta line), together with those for the structure in the as-built configuration (blue line); in both cases the plots refer to the 0.20g PGA test.
It can be observed that the same displacements were reached in both directions without loss
of strength or stiffness; also, the initial slope of the loop did not change much, meaning that, as
assumed in design, structural stiffness was not significantly affected by the intervention. Finally,
the relative importance of rotational DoFs with respect to translational ones was also unchanged, meaning that no reduction of the torsional effects was effected by the intervention, as,
in fact, this was not the aim to be pursued by this approach. In Fig. 5, it can be seen that the
maximum absolute values of rotation reached in the FRP-wrapped configuration were even
higher than those in the as-built one, for the same values of torque.
The damage developed in the structure under this level of excitation was negligible: only
light cracking of vertical elements outside of the wrapped area was visible.
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Figure 5: Original structure and FRP retrofitted structure, 0.20g PGA test: Global hysteresis loops in the
X and Y direction and rotation θ

2.3. RC-Jacketed structure
In Fig. 6, the global hysteresis loops are represented for the RC-jacketed structure (dotted magenta line), together with those for the as-built structure (blue line), for the 0.20g PGA earthquake. It can be observed that, in this case, the relative importance of the rotational DoF with
respect to the translational ones in the energy dissipation process decreased; the attained maximum rotations were also reduced.
The initial slope of the loops increased, as the retrofitting intervention modified the global
structural stiffness, affecting in particular the X direction, which was originally significantly
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weaker than the Y direction, thus being more sensitive to the increase in the cross-section of the
two retrofitted vertical elements.
The damage developed by the specimen at this level of excitation was more intense in comparison with that developed by the structure in the FRP-wrapped configuration. In this case,
cracking of vertical elements was fairly visible, mainly at the top of second and first storey columns. The damage pattern was thus very similar to that developed by the as-built structure,
mainly concentrated on the elements with the highest axial load ratio, with heavy spalling of
concrete cover and initiation of buckling of vertical rebars.
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Figure 6: Original structure and RC jacketed structure, 0.20g PGA test: Global hysteresis loops in the X
and Y direction and rotation θ

2.4 Discussion of the experimental results
The original structure was tested at differing levels of peak ground acceleration, attaining a severe level of damage for 0.2 g. The test sequence was not continued any further, to allow for repair, rehabilitation and further testing; however, due to the intrinsic lack of ductility of the structure, one might realistically assume that 0.2 g is close to the ultimate peak ground acceleration
capacity.
The rehabilitation approach aimed at increasing global ductility by means of the application
of FRP wrapping in all the potential plastic hinge zones proved to be particularly effective. The
FRP-wrapped structure, in fact, survived the 0.2 g earthquake without visible damage, and the
same held true for the test with 0.3 g. The test sequence was discontinued, again to allow for
further repair, rehabilitation and testing, therefore no experimental measure of the ultimate peak
ground acceleration capacity was made. An estimate was made by calibrating a push-over
model against the experimental PGA-drift curves, and assuming that failure would occur at the
attainment of the curvature corresponding to the maximum concrete strain assumed in the design of the FRP wrapping, which was the case for a PGA of about 0.32 g.
The rehabilitation approach aimed at reducing demands by reducing the strength eccentricity
also proved to be effective. The maximum drifts turned out to be significantly reduced as compared to the original structure, thus confirming the advantages of tailoring the strengths of the
vertical members so to minimize the global strength eccentricity rather than accounting for existing stiffness eccentricity. The major drawback of this approach remains with the lack of a
unique definition of eccentricity and the rather high level of expertise which is needed to design
the intervention. In spite of the reduction in the maximum interstorey drift, the structure was severely damaged at the end of the 0.2 g test, which can realistically be taken as its ultimate PGA
capacity.
The conclusion which can be drawn from the experimental results is that the rehabilitation
approach aimed at increasing the global ductility by confining all potential plastic hinge zones
can significantly extend the maximum PGA which can be sustained by the building, whereas the
strength relocation is more effective in reducing the damage corresponding to lower PGA values, but does not significantly extend the strength, being the latter ultimately limited by the insufficient global ductility capacity; for a more detailed discussion on the lessons learnt from the
experimental results, see Mola (2007).
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3. PERFORMANCE-BASED ASSESSMENT EXERCISE
To provide clearer insights about the relative advantages and disadvantages of the two approaches, a practical cost-benefit analysis was carried out.
To be able to refer to a practical case, the structure was ideally converted into a real building of
the same age (Fig. 7). The building was intended as an office building, had a continuous glass
façade and light internal partitions (these choices were dictated by the fact that no infills were
present in the frames during the tests).
The performance-based assessment consisted into the evaluation of the costs associated to
each rehabilitation measure and the expected losses during the remaining life-span of the building for all the defined limit states.
In the evaluation of the costs of the rehabilitation measures and of the repair/replacement actions needed after each damage state, both the cost of the technical intervention and the costs associated to the limitation in use of the building were considered.
An assumption, affecting the cost estimates, was made: the floor system was of the floating
type (i.e., easily dismountable and re-mountable), and partitions and ceilings were amenable to
easy access to the structure.
The expected life-span for the building was assumed as 20 years. The seismicity was defined
with reference to a particular location in northern Italy at the border from Veneto and Friuli regions (ID N. 10083 in the recent map of seismicity of Italy, DM 14/01/08 Norme Tecniche per
le Costruzioni), corresponding to a peak ground acceleration of 0.25 g for a 475 years return period). The map provides a set of values of the peak ground acceleration for a discrete set of return periods, along with an interpolation formula, so that the peak ground acceleration can be
obtained for any return period.

Figure 7: Rendering of the ‘realistic’ SPEAR building

The skeleton curves providing the peak ground acceleration vs. maximum interstorey drift in
each configuration were obtained from the experimental results. From the interstorey drift
thresholds defined for each limit state, the peak ground acceleration was obtained. By means of
the seismic map, the peak ground acceleration values were converted into return periods and
then into probability of exceedance.
Summing up the contribution of each defined limit state the total expected loss was obtained,
so that a comparison of the two rehabilitation techniques could be done in terms of reduction of
the total expected loss with respect to the original structure.
3.1 Evaluation of costs
The costs associated to each rehabilitation measures have been evaluated with reference to the
real building and occupancy.
FRP-wrapping will require 70,000 EUR for the placement of the laminates, 6,000 EUR for dismounting, remounting and painting, plus 32,000 EUR for day-off costs (these include: moving
the contents of the offices forth and back, providing new services and publicity, loss of productivity, renting of a similar building for the time required, estimated in three weeks for the very
intervention, but affecting the office activity for four months). The total estimated cost of the intervention is therefore about 108,000 EUR.
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RC-jacketing will take place with no disruption, or with limited disruption of the office activity. The cost of the intervention itself is 10,000 EUR. The day-off cost was estimated by assuming that the activity in the building would not be discontinued; however, a small new office
would still have to be rented. The intervention will last 9 weeks and will affect the activity for
three months. The total day-off cost is then 30,000, summing up to a total cost of 40,000 EUR.
A number of limit states were defined, and the associated costs were computed.
The first limit state was defined as low-damage, i.e., damage to the glass façade and partitions. This was estimated as a percentage of the cost of the façade (180,000 EUR), in 36,000
EUR.
The second limit state was defined as heavy damage/loss of the façade, whose associated cost
was 180,000 EUR.
The third limit state was defined as severe structural damage and, due to the intrinsic fragility
of the structure in any configuration, was taken as coincident to the fourth limit state to be considered, i.e. loss-of-the building/collapse. The corresponding cost is the demolitionreconstruction cost, 570,000 EUR. The estimate of the day-off costs was computed on the basis
of a 16 months period as 90,000 EUR, summing up to 660,000 EUR.
The engineering measure defining damage was selected as the maximum interstorey drift at
the most affected columns (this to account for the torsional response, also considering that the
most affected storey turned out to be the second rather than the first). The drift thresholds defining low-damage and heavy damage/loss of the façade were provided by the producer of the façade system as 1% and 2% respectively.
3.2 Evaluation of the probabilities of exceedance
The PGA values corresponding to the drifts, including the drift at failure, were obtained from
the skeleton curves obtained from the tests (Fig. 8), and were treated deterministically.

Figure 8: Experimentally derived skeleton curves for the three configurations

It has to be recalled that the ultimate values for the FRP-wrapped structure was obtained by extrapolating the monotonic curve as explained before.
Also, it has to be noted that the initial branch of the skeleton curve for the FRP-wrapped
structure is softer than the one of the original structure, which can only be explained by the
damage suffered throughout the test sequence. For consistency, it was decided to assume the
first branch of the skeleton curve for the FRP-wrapped structure (up to a PGA of 0.2 g) to be coincident with the one of the original structure.
Table 1: Summary of PGA and drift values for the four limit states in the three configurations
Limit State
1
2
3/4

Original Structure
Drift(%)
PGA(g)
1
0.0773
2
0.1533
3.54
0.2

FRP-Wrapped
Drift(%)
PGA(g)
1
0.0773
2
0.1533
5.94
0.3173

RC Jacketed
Drift(%)
1
2
2.29

PGA(g)
0.0870
0.1739
0.2
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The corresponding values are given in Table 1.The following step was to compute the probability of exceedance for the so obtained PGA values. The new Italian seismic map provides the
PGA values for a discrete set of return periods, starting from a return period of 30 years. It also
provides a formula for interpolating those values; moreover, the user is advised that the formula
is valid only for return periods larger than 30 years, which is the case at hand. The interpolation
formula provided is thus applied:

⎛ a g2 ⎞
⎛ T ⎞ ⎡ ⎛ T ⎞⎤
log(a g ) = log(a g1 ) + log ⎜
× log ⎜ R ⎟ × ⎢log ⎜ R2 ⎟ ⎥
⎟
⎜
⎟
⎝ TR1 ⎠ ⎣ ⎝ TR1 ⎠ ⎦
⎝ a g1 ⎠

(1)

where ag is the generic PGA value for which the corresponding return period TR must be computed and agi and TRi are the two closest tabulated values of the parameters. By solving the formula for TR, with the previously determined ag values, the corresponding return periods were
determined. The probability of exceedance in N years RN was then obtained from the formula:

⎛
1 ⎞
RN = 1 − ⎜1 − ⎟
⎝ TR ⎠

N

(2)

in which N was set to the expected lifespan of the structure, i.e., 20 years.
The probabilities of exceedance in 20 years could therefore be computed and are shown in Table 2.
Table 2: Return periods and probabilities of exceedance for the four limit states in the three configurations
Limit State
1
2
3/4

Original Structure
TR (years) R20(%)
40,72
39.18
151,84
12.38
276,20
6.997

FRP-Wrapped
TR (years) R20(%)
40,72
39.18
151,84
12.38
851,52
2.406

RC-Jacketed
TR (years) R20(%)
49,26
33.65
199,23
9.573
276,20
6.997

3.3 Evaluation of total expected loss
Having computed the costs Ci associated to the attainment of each limit state, and the associated
probability of exceedance R20i, one can compute the total expected loss L in each configuration
by direct application of the total probability theorem as:

L = ∑ Ci ( R20i − R20i +1 )

(3)

i

The total loss expected in 20 years is given in Table 3.
Table 3: Total expected losses and investments in 20 years for the three configurations
Total Loss (EUR)
Investment (EUR)

Original Structure
40,263
0

FRP-Wrapped
9,990
107,500

RC-Jacketed
34,211
39,500

In terms of reduction of total expected loss, the FRP-wrapped solution turns out to be by far the
most effective, since the total expected loss is reduced to one fourth of the one of the original
structure.
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On the other hand, the advantage in terms of reduction of the deformability due to torsional response which was offered by the RC-jacketed structure is not reflected in the corresponding total expected loss, which is reduced by a mere 15% with respect to the original structure.
In terms of return of investment, it has to be noticed that none of the rehabilitation strategies has
economic justification. However, it has to be recalled that neither possible casualties were accounted for in the analysis, nor the risk of loss of the contents was considered. These issues, if
properly accounted for, might change the last conclusion.
It must also be recalled that the same comparative assessment of the two rehabilitation strategies, if conducted for larger eccentricities, might yield different conclusions.
4. SUSTAINABILITY ISSUES
The cost-benefit evaluation conducted so far could in principle be extended to include sustainability issues. The environmental impact corresponding to each rehabilitation measure could be
evaluated, based on the calculation of the quantities of materials, processes, energy and debris
activated by the interventions, so that the two alternatives could be assessed also in terms of environmental impact.
The rehabilitation strategy which proved to correspond to the better performance in terms of
reduction of the total expected monetary loss, the solution based on the extensive use of FRPs,
appears to be the one which corresponds to larger environmental impacts, due to the intrinsic
high relative impact of the plastic material, and the life-cycle optimization should not disregard
this issue.
At this regard, one of the key issue for the sustainability evaluation of the analyzed rehabilitation scenarios is the verification of durability of the two interventions. At the end of service life,
it shall be verified that the reliability of the intervention and the capacity of the structure itself
do not fall short of the performances level defined at the design stage. To this end, deterioration
models of the two materials could be developed and applied in order to perform a time dependant analysis for the evaluation of the reduction of the capacity over time. The local environmental conditions as well as the prevailing degradation mechanism for each material should be
identified. As for FRP, material composition, the configuration of the wrapping, the construction details, the use of fire and/or impact protective systems and the planned maintenance during
the years shall be considered. In case of concrete jacketing, the corrosion due to carbonatation
and/or chloride penetration, the surface deterioration and frost attack should be taken into account. Once the deterioration mechanisms have been identified, the service life verification shall
be checked using a partial factor format as reported elsewhere (Cascini, Portioli & Landolfo
2007).
Moreover, the conclusion that in terms of return of investment, none of the rehabilitation
strategies has economic justification could be reconsidered, if the environmental impact is also
addressed. The alternative of reconstructing the building according to earthquake-resistant standards should also be included in the exercise. Whereas the expected loss corresponding to a
new, earthquake resistant, building would be much reduced with respect to both the original
configuration and any rehabilitated configuration, the environmental impact of the demolition
and reconstruction could not be disregarded and might rationally influence the decision whether
to construct a new building or to proceed with the selected rehabilitation measure.
5. CONCLUSIONS
A practical, cost-based, assessment method was used to compare the performance of the
SPEAR building in the two conceptually different rehabilitated configurations. The method was
based on the direct application of the total probability theorem. The costs associated to each rehabilitation measures were assessed according to engineering practice, including the consequences of the occupancy limitations. With the same approach, the losses corresponding to the
attainment of a number of damage limit states were computed. The maximum interstorey drift
was assumed as the measure of damage, and was related to the peak ground acceleration in a deterministic way by using the experimentally obtained skeleton curves. The values of the peak
ground acceleration were converted into return periods by using the most recent Italian seismic
map, and those were converted into probabilities of exceedance. Finally, by summing the con-
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tributions of all the limit states, to total expected loss over the assumed remaining life-span.
The reduction of the total expected loss with respect to the original structure was taken as the
most important performance indicator, within the limitations of the exercise.
It can be concluded that the rehabilitation measure aimed at increasing the global available
ductility performed better in reducing the expected losses. The rehabilitation measure aimed at
reducing the torsional response was successful in cutting the losses associated to the lower limit
states but was not as effective as the one aimed at increasing the global available ductility. This
conclusion should be restricted to the case at hand (small torsional eccentricity), and might be
different for more irregular structures.
The measure to increase the ductility proved to be efficient with reference to the ultimate
limit state, whereas the reduction of the eccentricity was effective for the lower limit states. It
might therefore be concluded, even if no direct confirmation is available, that combining the
two approaches would optimize the performance.
In terms of cost-benefit analysis, none of the rehabilitation measures proved to be economically justifiable. However, different conclusions could be reached if casualties would be taken
into account, or even if the probability of the loss of the contents would be considered.
The approach used in the exercise is in principle amenable to include sustainability issues. Including the assessment of the environmental impact might also provide a rational basis for deciding whether to proceed with the selected rehabilitation measure or construct a new, earthquake-resistant building.
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Seismic structural design integrated with life cycle cost analysis
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ABSTRACT: Seismic structural design integrated with life cycle cost analysis aims to reveal the
most appropriate structural solution for both satisfying economic aspects and earthquake resistant design code requirements among a number of variant solutions. In this study, a momentresisting steel building is designed using various base shear values and the life cycle cost of
each design is calculated for different earthquake intensities. Initial costs and the cost of the expected damages caused by future earthquakes are calculated for each design. The maximum interstorey drift ratio is selected as seismic performance parameter for satisfying earthquake code
demands and evaluated through a static pushover analysis. The optimum economic design solution for the steel building is selected by using the balance between the initial cost and the lifetime earthquake damage cost.
1 INTRODUCTION
Structural engineering, as a profession gives direction to huge investments of money and natural
resources. Furthermore, structural engineer’s responsibility is not only against to the building
owners and to society, but also for sustainable development. Since buildings have high economic values, in order to make cost effective designs structural engineers generally tend to
minimize the initial costs. However, this approach neglects the future earthquake induced damage costs and many designers and asset owners have to spend an increasing percentage of their
budgets on rehabilitation or replacement of existing buildings. Thus, there is obviously a strong
financial incentive to extend the service life of existing buildings, and to design new buildings
which will require less maintenance and repair over their lifetime.
In order to maximize the possibilities for life extension, a building should be designed for the
future considering seismic provisions. The primary goal of traditional earthquake resistant design codes is to ensure life safety and prevent structural collapse. However, many earthquakes
caused drastic structural damage to buildings, public facilities, infrastructures as well as functional disruptions in recent years (Erdik 2000). Both direct and indirect economic losses under
these earthquakes which can be enormous and comparable to the structure’s initial cost revealed
the importance of structural performance levels. Also, it appears that, even if possible, designing
absolute safety and with no damage under all likely earthquake intensities would be resulted
with extreme costs. Therefore, the issue of earthquake damage control needs to be taken into account adequately in the design stage in order to reduce future economic losses. This leads the
current earthquake resistant design philosophies to imply acceptance of some underlying risk.
The uncertainties in structural behavior and performance under a given earthquake loading,
probability should be considered when determining adequate design criteria. Recent research efforts are mainly focused on estimating life cycle cost analysis. Wen (2001) adopted a design
methodology based on minimum expected life cycle cost criterion and examined the concept on
numerical examples for steel structures. On the other hand, Sarma & Adeli (2002) applied life
cycle cost optimization of steel structures using fuzzy logic. Furthermore, Lee et al. (2004) per-
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formed a life cycle cost analysis on steel bridges and suggested the concept to be used in other
engineering structures.
In this study, earthquake resistant and cost effective steel building design is investigated using life cycle cost analysis. The maximum interstorey drift ratio is selected as seismic performance parameter and evaluated using static pushover analysis. In the numerical example, a moment-resisting steel building is designed by using various base shear values and the damage cost
of each design is calculated. The optimum economic design of the steel building is obtained using yield base shear and total cost values.
2 PERFORMANCE BASED DESIGN USING PUSHOVER ANALYSIS
Seismic design codes usually define a single design earthquake that it is used for evaluating
the buildings structural performance against earthquake hazard. These seismic design codes
have many assumptions built in the seismic design procedure. Recent catastrophic earthquakes
caused serious damages to buildings which made the structural engineering community to question the success of the current seismic design codes. Most of the current seismic design codes
are regulatory design procedures where the design criteria are in terms of forces. Modern seismic design procedures are based on the principal that the building is to be designed to consume
the kinetic energy that revealed during the earthquake. The building should be able to absorb
energy through inelastic deformation using the behavior factor. Since the seismic loads are reduced by using the behavior factor, their design for seismic loads is smaller than those corresponding to a linear elastic response.
Performance based design is a general structural design philosophy which implies that the
buildings should be able to resist earthquakes and fulfill target performance levels of possible
damages. The main advantage of performance based seismic design is that the procedure allows
the building owner and the structural engineer to choose both the seismic hazard level and the
corresponding performance level of the building. Performance based design concepts have been
introduced by various guidelines such as SEAOC Vision 2000 (1995), ATC-40 (1996), FEMA356 (2000), FEMA-440 (2005). In this study, displacement based design procedure where the
design criteria and the capacity demand comparisons are expressed in terms of displacements
rather than forces are used.
In order to assess the building performance, the design codes recommend the use of various
types of analysis methods. Generally, four analysis methods based on linear and nonlinear structural response are suggested for the structural analysis of buildings under earthquake loading.
The linear analysis methods can be either the linear static procedure or the linear dynamic procedure as response spectrum method and time history method. In a similar manner, the nonlinear analysis methods are grouped as the nonlinear static procedure also known as pushover
analysis, and the nonlinear dynamic procedure, also referred as inelastic or nonlinear time history analysis. In linear analysis methods, some simplifying assumptions for the structural response are used and the structural response becomes conservative and design results are costly
designs. Design procedures based on nonlinear analysis are complex compared to the linear
analysis and these methods increase the computational cost and require for highly trained engineers. However, in recent years, the most popular analysis method is the nonlinear static analysis which is also known as pushover analysis.
Pushover analysis is very useful tool for evaluating the seismic performance of existing structures in terms of strength and deformation capacity for the whole structure, as well as at the
element level. Pushover analysis is based on the assumption that the response of the building is
related to the response of an equivalent single degree of freedom system with properties proportional to the fundamental mode of the building. The sequence of member yielding, inelastic deformation amount of critical members, maximum interstorey drifts and the possible collapse
mechanisms of the building can be determined by pushover analysis results.
In the pushover analysis, after application of the gravity loads incremental lateral load applied
to the building. The lateral load distribution throughout the building height is generally chosen
proportional to the fundamental mode of the analysis direction. The building model is pushed
using the predefined fixed lateral load pattern and total lateral load is incremented up to the lat-
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eral displacement of the control node reaches to the displacement demand of the selected earthquake level or when local collapse or storey mechanism has been formed. The displacement
demand of earthquake which is also known as the target displacement can be calculated with the
FEMA-356 (2000) formula which is given in equation (1).

δ t = C 0 C1 C 2 C 3 Sa

Te2
g
4 π2

(1)

where Te is the effective fundamental period of the building in the direction under consideration; Sa is the response spectrum acceleration coefficient corresponding to the Te period; C0 accounts for the difference between the roof displacement of an MDOF building and the displacement of the equivalent SDOF system; C1 is modification factor is to account for the
difference in maximum elastic and inelastic displacement amplitudes in structures with relatively stable and full hysteretic loops; C2 adjusts design values based on component hysteresis
characteristics, stiffness degradation, and strength deterioration; C3 is for framing systems that
exhibit negative post-yield stiffness, dynamic P-Δ effects may lead to significant amplification
of displacements. The capacity curve obtained from pushover analysis is converted to an idealized bilinear curve that balances the area below and above the capacity curve and the yield base
shear of building is determined.
In the present study, lateral load pattern is chosen proportional to the fundamental mode of
the analyzed direction of the building. This approximation provides satisfactory results for the
maximum interstorey drift and plastic rotation for regular mid-rise buildings. Since higher mode
contributions are significant for high-rise buildings, these effects should be also considered in
the pushover analysis (Chopra & Gupta 2002).
3 LIFE CYCLE COST IN SEISMIC DESIGN OF BUILDINGS
Life cycle cost analysis is a suitable tool for assessing the structural performance when the
structure is expected to fulfill the aspects of life time structural engineering. The life cycle cost
of a building includes various cost components. Initial cost functions depend on the design intensity. Basic initial costs are generally summarized as; cost of structural planning and structural
design, cost of building materials, cost of fabrication, cost of transportation, cost of handling,
storage costs of building materials in the construction site, erection cost, cost of tool operations
and machinery on the construction site, cost of preparing the project site including the cost of
preparing the foundations. Cost of the nonstructural component, such as partitioning walls, are
not considered in initial cost calculations. Life cycle cost includes several cost components such
as maintenance cost, inspection cost, repair cost, operating cost, damage cost and demolition
cost besides initial costs.
In recent years, the limit state cost analysis which is an important part of the life cycle cost
has become more significant for minimizing the cost of the seismic hazards. The term limit state
cost is the potential damage cost from earthquakes that may occur during the lifespan of the
building. Limit state cost is only related with earthquake damages and neglects other expenses
such as maintenance costs or any type of nonstructural costs.
The limit state cost mainly includes damage cost, loss of contents, relocation cost, economic
loss which is sum of rental and income loss, cost of injury, cost of human fatality, and other direct or indirect economic losses related to earthquake hazard. Calculation procedures of limit
state costs are outlined in FEMA 255 (1994), FEMA 256 (1994) and ATC-13 (1985) documents. In this study, earthquake induced damage cost is mainly focused and other cost components are neglected in order to monitor the damage cost effect on the life cycle cost.
The expected life cycle cost function under a single hazard can be calculated by the formula
given in equation (2) (Wen & Kang 2001a):

E [C(t, x )] = C 0 + (C1P1 + C 2 P2 + ... + C k Pk )

(

υ
1 − e − λt
λ

)

(2)
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where; Pk is the probability of the kth damage state being violated given the earthquake occurrence and Ck is the corresponding cost; C0 is the initial cost; λ is the annual momentary discount
rate considered to be constant; υ the annual occurrence rate of significant earthquakes; and t is
the service life of a building.
Damage states of a building are classified according to the maximum interstorey drift. Limit
values of each damage state and the cost of each damage state as a percentage of the initial cost
are listed in Table 1 (Wen & Kang 2001b).
Table 1. Performance levels and damage costs of a building in terms of interstorey drift ratio*
Performance level
Damage state
Interstorey drift ratio (%)
Cost % of initial cost
I
None
Δ<0.2
0
II
Slight
0.2<Δ<0.5
0.5
III
Light
0.5<Δ<0.7
5
IV
Moderate
0.7<Δ<1.5
20
V
Heavy
1.5<Δ<2.5
45
VI
Major
2.5<Δ<5
80
VII
Destroyed
Δ<5
100
*ATC-13 (1985)

The probability of each damage state is calculated with following equation (3):

P i = Pi (Δ > Δ i ) − Pi+1 (Δ > Δ i+1 )

(3)

According to Poisson’s law, the annual probability of exceedance of an earthquake is given by
the equation (4) (Wen 2001):
Pi (Δ > Δ i ) = (− 1 t ) ln (1 − Pi (Δ > Δ i ))

(4)

where is the annual exceedance probability of the maximum interstorey drift value Δi. The annual exceedance probability of the ith damage state is obtained using equation (5):

Pi (Δ − Δ i ) = a e − bΔi

(5)

The parameters a and b are obtained by best fit of known pairs. These pairs correspond to the
earthquakes which probability of exceedance in 50 years is 2%, 10%, and 50%, respectively.
4 NUMERICAL EXAMPLE
A four storey moment resisting steel frame office building with the base area dimensions of
20.00 m x 18.00 m and 3.00 m storey height is considered. The structural 3D model of the
building and the floor plan are shown in Figure 1 and Figure 2. The frame sections used for the
designs of the steel buildings are limited with IPE and HEB profiles. Beams of floors are chosen
from IPE profiles for each storey. All beams in a floor are assumed to have same type of section
group in X direction and three different beam sections groups in Y direction. Columns are chosen from HEB profiles and all the columns of one storey are assumed to be designed with the
three different design groups. All members of the steel buildings are designed by using Turkish
Standard TS-648 and Turkish Earthquake Resistant Design Code TERDC-2007. The designed
sections are given in Table 2. The modulus of elasticity for steel is 210000 MPa and the yield
stress is 235 MPa. Steel frames are assumed to have rigid connections and fixed supports. Reinforced concrete is used in floor slabs and live loads are taken as 2.00 kN/m2.
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Figure 1. 3D model of four storey steel building

Figure 2. Four storey steel building plan and section design groups

Multidirectional excitation effects are considered according to TERDC-2007 and FEMA-356
provisions so that combining 100% of the response due to loading in the longitudinal direction
with 30% of the response due to loading in the transverse direction, and by combining 30% of
the response in the longitudinal direction with 100% of the response in the transverse direction.
The structural members are designed using these two combinations.
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Table 2. Beam and column sections of designed steel buildings
Design
Design
Storey
Design B Design C Design D
Groups
A
Column
1
HEB220 HEB240 HEB260 HEB300
Column
HEB220 HEB240 HEB280 HEB320
2
HEB240 HEB260 HEB300 HEB360
Column
1
IPE300
IPE300
IPE300
IPE330
3
IPE300
IPE300
IPE330
IPE400
Beam1
IPE300
IPE330
IPE400
IPE500
Beam2
IPE330
IPE360
IPE400
IPE450
Beam3
Beam4
Column
1
HEB220 HEB240 HEB260 HEB280
Column
HEB220 HEB240 HEB280 HEB320
2
HEB200 HEB240 HEB260 HEB320
Column
2
IPE270
IPE300
IPE300
IPE330
3
IPE300
IPE300
IPE330
IPE360
Beam1
IPE300
IPE330
IPE400
IPE500
Beam2
IPE330
IPE360
IPE360
IPE450
Beam3
Beam4
Column
1
HEB200 HEB200 HEB240 HEB260
Column
HEB200 HEB200 HEB220 HEB280
2
HEB200 HEB200 HEB240 HEB280
Column
3
IPE270
IPE300
IPE300
IPE330
3
IPE300
IPE300
IPE330
IPE360
Beam1
IPE300
IPE330
IPE360
IPE450
Beam2
IPE330
IPE360
IPE360
IPE400
Beam3
Beam4
Column
1
HEB200 HEB200 HEB220 HEB260
Column
HEB200 HEB200 HEB200 HEB220
2
HEB200 HEB200 HEB200 HEB240
Column
4
IPE270
IPE300
IPE300
IPE300
3
IPE300
IPE300
IPE330
IPE330
Beam1
IPE300
IPE300
IPE330
IPE360
Beam2
IPE330
IPE330
IPE360
IPE360
Beam3
Beam4

Design E

Design F

Design G

HEB300
HEB450
HEB550
IPE360
IPE400
IPE600
IPE450

HEB300
HEB600
HEB700
IPE400
IPE400
IPE600
IPE450

HEB300
HEB650
HEB1000
IPE400
IPE400
IPE600
IPE450

HEB280
HEB450
HEB340
IPE360
IPE360
IPE600
IPE450

HEB300
HEB600
HEB400
IPE400
IPE360
IPE600
IPE450

HEB300
HEB650
HEB500
IPE400
IPE400
IPE600
IPE450

HEB260
HEB360
HEB280
IPE330
IPE360
IPE500
IPE400

HEB280
HEB450
HEB280
IPE360
IPE360
IPE600
IPE400

HEB280
HEB600
HEB300
IPE400
IPE400
IPE600
IPE450

HEB260
HEB260
HEB240
IPE300
IPE330
IPE360
IPE360

HEB280
HEB280
HEB260
IPE330
IPE360
IPE400
IPE360

HEB280
HEB300
HEB300
IPE330
IPE360
IPE450
IPE400

In pushover analysis, the lateral load distribution is chosen proportional to the fundamental
mode of the buildings and Sap2000 (2006) is performed at the structural analysis. Total lateral
load is increased up to lateral displacement of control node reaches to the target displacement
demand which is calculated from equation (1). The capacity curves obtained from pushover
analysis are given in Figure 3 and all curves are converted to bilinear curves for estimating the
yield base shear values of each designed building.
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Figure 3. Capacity curves of steel building designs

The damage costs of each building design are calculated separately. In order to explain the
calculation procedure clearly, the life cycle cost function calculation steps for the Building Design F are given in details. Three pairs of maximum interstorey drift are obtained from pushover
analysis, and the annual probability of exceedance of an earthquake with a probability of exceedance %2, %10 and %50 in 50 years are calculated as P2% = 0,000404 , P10% = 0,0021 ,
P50% = 0,0139 . The maximum interstorey drifts and annual probability of exceedance values
(Δ i − Pi ) correspond to the three hazard levels with the given annual probabilities of exceedance
are used to obtain the curve by an exponential function which is fitted by performing regression
analysis. After plotting the function curve as seen in Figure 4, annual probabilities of exceedance for seven damage states can be interpolated easily.
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Figure 4. Calculation of annual probability of exceedance for each damage state design (Design F)

Total expected damage cost is equal to the sum of the cost functions multiplied by the corresponding limit state probabilities. The optimal system yield force coefficient Sy which minimizes the total cost is obtained as the ratio of yield base shear force over weight of the building.
A polynomial is fitted to the cost function and the optimal point for the life cycle cost is determined. The optimal system yield force coefficient Sy is found to be approximately 0.28 without
considering human injury and death as shown in Figure 5.
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Figure 5. Total expected life cycle cost as a function of system yield force coefficient

5 CONCLUSIONS
In the present study, steel building design procedure for minimizing the seismic damage cost
is investigated using life cycle cost analysis considerations in order to fulfill the aspects of life
time structural engineering. In the numerical example a four storey moment resisting steel office
building is designed using various base shear values. Static pushover analysis is used for calculating the seismic damage costs of each design for different earthquake levels. The optimal system yield force coefficient is found to be approximately 0.28 from the procedure. When the
structural design is performed only for minimizing the material weight, the resulting design will
may be easily damaged with future earthquakes leading to much higher cost during the lifetime
of the building. For this reason, instead of minimizing the material weight, minimizing the total
cost including the damage cost should be a major objective in the design phase.
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ABSTRACT: According to a public source [11] traffic jams cause an economical loss of more
than 100 billion € a year in Germany by loss of working time, accidents costs and increased
fuel costs. Statistically each German citizen is said to spend more than 50 hours in a traffic jam
during a year. The main reasons for traffic jams are given in Fig. 1: so aside of high traffic density accidents and road works play a major role. In order to avoid or reduce traffic jams accidents should be minimised and road works should be reduced e.g. by the reduction of time of
erection and repair or by improving durability. However these aspects are usually not reflected
by the construction costs. And decisions on bridges are usually only based on minimum constructions costs. Therefore the state of Hessen in the middle of Germany decided for a special
program called “Traffic jam free Hessen” to improve this situation [1]. In this frame the Hessian Road and Traffic Administration ordered an expertise to assess the cost-effectiveness of
composite bridges, particularly with regard to the construction method, see [2].
Due to the high degree of prefabrication composite bridges usually show advantages in view of
construction time and interference with traffic; however this is normally not taken into account
when deciding for a bridge type. The task of the project therefore also was to investigate accepted assessment methods of cost-effectiveness analysis and show in how far they might consider “costs” in a more holistic way, considering e.g. also construction costs, maintenance costs,
costs for renovation and reconstruction (including demolition), costs of construction duration
including the consequences and effects on traffic etc. Two bridge types have been chosen as
study cases.

hohes

High traffic
Verkehrsaufdensity (40%)

kommen (40 %)

Unfälle (25
%)
Accidents
(25%)

Road works
Baustellen
(30 %)
(30%)

Fig. 1: Main reasons for traffic jams
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1 ANALYZED BRIDGE TYPES AND CROSS SECTIONS
1.1 Overpasses
The overpass chosen consists of a two lane road bridge crossing a highway having the standard
cross section RQ 33. Two variations of a concrete bridge are compared to a composite frame
bridge. The application of concrete plate girders is restricted to a length of 35 m approximately
due to the high weight of concrete. Therefore, highway overpasses with a RQ 33 or RQ 35.5
cross section are typically conducted as a two span system, each span about 26 m long (Fig. 2).
For this type the construction of the midspan pier and the resulting traffic interruption have to
be accepted as additional efforts.
As shown by recent examples [3], [4], the midspan pier can be abandoned if the superstructure
is conducted as a frame with integral abutments with an overall span of about 44 m (Fig. 3).
Not only the missing and unnecessary traffic safety procedures save construction time, it can
also be minimized by using prefabricated concrete elements. The construction progress is also
simplified because no material needs to be delivered to the construction site on the median
strip. Current developments use prefabricated composite girders with the concrete deck already
attached to the steel girders off site. Applying reinforcement and pouring of the concrete can be
realized directly on top of those composite girders. It is not necessary to erect false work as it
has to be done for the concrete bridges cast in situ.

Fig. 2: Concrete overpass bridge – 2-span girder

Fig. 3: Composite frame overpass bridge
By an extensive example and literature review average overall costs per sq. m bridge area and
usual construction duration were identified, see Table 1 and 2.
Just comparing the construction costs, it is shown that though the overall bridge length is higher
for the concrete bridges the total costs sum up to an about 20% lower value. Because of the
higher percentage of prefabrication construction time on site can be minimized using prefabricated composite girders. Estimated erection time comes to 21 weeks for the concrete bridge cast
in situ and a 50% lower time amount of 14 weeks for the composite bridge solution with prefabricated composite girders. But also the prefabricated concrete bridge shows a similar value,
see Table 2.
Table 1: Average costs – overpass bridges
Bridge type

Length

Bridge area

Average costs 1)

Total costs

Concrete Bridge

52 m

624 m²

1.250 €/m²

780.000 €

Composite Bridge

44 m

528 m²

1.850 €/m²

976.800 €

1)

average costs per m² bridge area based on literature and examples

Table 2: Construction time – overpass bridges
Bridge type

Length

Erection time

[weeks]

21

15

14

[%]

150

107

100

Relation

Concrete Bridge
(in-situ)

Concrete Bridge
(prefabricated)

Composite
Bridge
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1.2 Motorway bridges with a 45 m span
1.2.1 General information
For the second example a multi-span motorway bridge was selected. A five span bridge with 45
m midspans and side spans with a ratio of 0.75 has been chosen for design and dimensioning of
the cross section (Fig. 4). The subsequent analysis was exemplary conducted for a middle span.
Different types of composite bridges sections and one standard pretensioned concrete box
girder bridge have been compared. The composite bridges sections have been designed according to the modern German or European bridge codes. Based on the determined masses price
calculations have been realized by practitioners according to current prices and then transferred
to the level of 2002 to be comparable to known values.
0

1

33,75

2

45,0

3

45,0

4

45,0

5

33,75

Fig. 4: Motorway bridge – multi-span girder

1.2.2 Optimization of cross section and construction time
The following solutions were investigated as composite bridges, see Fig. 5. A composite cross
section with two prefabricated composite girders and cast-in-place concrete slab addition (Type
1) was chosen similar to [4]. Because of the high stiffness of this type of section, false work
and stiffening bracing ususally are not necessary. Welding on site can be avoided as well. The
precast girders are manufactured in a factory, brought to site and put in place using a mobile
crane. During erection the girders act as simple beams, after casting of the concrete cross beams
at the piers a continuous beam system is established for the following load cases. Cross section
Type 2, the classical composite section, consists of only 2 girders similar to Type 1, but pure
steel girders are put in place without a precast deck. Therefore, a stiffening bracing is necessary
during concreting, but the increased costs of the precast composite slab do not apply. Due to the
higher tension stresses resulting from the missing concrete plate Type 2 requires a higher
amount of structural steel compared to Type 1.
For bridge Type 3 the distance between the steel girders has been reduced and the number of
girders raised to four in order to allow the support for prefabricated concrete elements. Type 4
consists of five prefabricated composite girders. In both cases no formwork carriage is necessary. For Type 3, semi-precast concrete elements are put between the steel girders, the reinforcement is put in place and the concrete addition is poured in. Regarding the construction
time optimization, Type 4 is conducted without a formwork carriage as well as without precast
concrete segments (Fig. 5).
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Type 1

Type 2

Type 3

Type 4

Fig. 5: Analyzed variations of composite motorway bridge sections
The number of girders is resulting from an economical optimization of the concrete composite
plate as well as the possibilities to transport the composite girders on public roads. After putting
the girders in place and forming the cross beams, the top layer of concrete can be poured in directly on top of the composite girders. In view of construction time, this alternative is the best
solution, see Table 3.
Table 3: Construction costs and time for composite bridge alternatives type
Type 1

Type 2

Type 3

Type 4

1.617.205

1.316.105

1.460.850

1.992.825

[weeks/span]

18

18

7

6

[weeks/span]

-

-

11

12

Construction costs

[€]

Construction time
Time considered for compensation

2 METHODS OF ECONOMY ANALYSES
2.1 Outline
So three established methods of cost-efficiency evaluation were tested which all considered in
addition to the construction costs some other life cycle costs. The method according “Allgemeines Rundschreiben” [7] or “ARS - Vertretbare Mehrkosten” i.e. compensation costs aims at
introducing reduced erection time as an additional criterion into the competition. Costs occurring through traffic obstruction caused by the construction work can also be taken into consideration by EWS [6], “Empfehlungen für Wirtschaftlichkeitsuntersuchungen an Straßen“ or
“Recommendations for cost-efficiency calculations of roads“. It enables a comparison of different solutions on the basis of user costs or socio-economic costs. In “Ri-Wi-Brü” [5] which may
be translated to “Guideline for cost-efficiency calculations of repair and renovation of road
bridges“ capitalized costs during lifetime including all costs due to construction, maintenance,
renovation and demolition are considered. Following, these three alternatives are explained and
applied to the examined bridge types.
2.2 Allgemeines Rundschreiben Nr.7/1990 “Compensation costs”
The “Allgemeines Rundschreiben Nr. 7” [7], short ARS, was introduced in 1990. It deals with
different methods to accelerate construction works on the motorway with a high traffic rate or a
high regional importance to make them safer and to minimize interruption.
In dependence on traffic density and traffic routing (e.g. 2 lanes on each side or 4 lanes on 1
side) maximum compensation costs per km and day of reduced construction time maybe as-
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sumed provided the same quality of construction is guaranteed. The compensation costs, may
be assumed as high as listed in Table 4 (€ per calendar day). A length of at least 2 km, coming
up to the length of limited speed area, has to be taken for “km”. In conclusion only the construction time may be considered in the cost-efficiency evaluation according to ARS [7]. However a possible reduction of the construction time may be converted into a reduction of the construction costs
Table 4: Compensation costs according to ARS [7]
Vehicles / day

Compensation
Costs (“2+2”)

Compensation
Costs (“4+0”)

[€ / (km·day)]

[€ / (km·day)]

> 10.000

200

900

> 20.000

300

1.350

> 30.000

400

1.800

> 40.000

550

2.250

> 50.000

650

2.700

> 60.000

800

3.150

> 70.000

900

3.650

2.3 Recommendations for economy analysis on roads
The so called EWS [6] allows for an economic assessment and comparison of investments in
road construction on a consistent basis. Investment costs as well as running expenses are taken
into account. Investment costs result from building the road, running expenses result from the
recurring costs like costs for maintenance, traffic safety and handling, depending on the type
and size of road as well as the number of civil engineering structures and equipment of the
road.
Table 5: Operating and accident costs rate according to EWS [6]
Typ of vehicle

Operating costs
[€ / (h·vehicle)]

Car

Type

Damage

Accident rate

to property

[Accidents / 1 Mio. vehicles]

0.619

to persons

[Accidents / 1 Mio. vehicles]

0.147

to property

[1000 € / accident]

8.1

to persons

[1000 € / accident]

85

[€ / 1000 vehicles·km]

17.5

5.5

Light Truck

21.0

Truck trailer

30.0

Bus

62.5

Accident costs rate

Costs rate

value/rate

All actions not included in the costs above are considered a benefit. They can be accounted for
as positive (advantage) and negative (loss). Only those benefits are covered which are quantifiable (see Table 5). So in addition to construction costs operating costs are quantified which involves e.g. that the same route is passed with lower costs due to improved routing. Travel expenses or savings e.g. by reduced travel time are taken into account and costs of accidents due
to construction sites are considered. The state of repair of roads influences the event of accidents as well as the traffic situation. The number of accidents declines through a better situation
and leads to a smaller number of personal injuries and property damages. They can be quantified as well. This estimation of costs takes into account that a shorter construction time or less
interruption of traffic cause cost advantages. It very much depends on the traffic density and the
average time delay due to traffic jams.
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2.4 Guideline for cost-efficiency calculations of repair and renovation of road bridges
The Guideline for cost-efficiency calculations of repair and renovation of road bridges [5],
shortened to Ri-Wi-Brü, deals with the economical evaluation of maintenance actions on road
bridges. The intention is to provide a decision support by evaluating different variations, by
measuring between maintenance and modernization, between different versions of maintenance
and different versions of modernization as well as between different construction types and
methods.
To determine the economy of an examined alternative, all costs occurring are summed up. The
costs of any single intervention are assembled to the construction costs (maintenance or modernization), such as costs for auxiliary constructions and traffic safety measures as well as administration costs and demolition costs. Using a present value method and considering the point
of time when the action takes place as well as the disbursement conjunct to it, the required total
investment costs for a certain time (i.e. present time) can be calculated, see Figure 6.
According to that, payments that are going to be
made in the future are discounted using a certain
interest rate. The summation of all payments
within the rating period of the different alternatives is going to be compared.

Fig. 6: Capitalized values calculation

However the assumptions for maintenance costs were based on a rather old guideline from
1980 called “Ablösungsrichtlinie” [8] where maintenance costs are set to 1.1% of the construction costs irrespectively of the construction type, so the same value for concrete and composite
bridges.
Choosing the optimal alternative requires considering the results of the economy analysis as
well as some non-monetary aspects. This method EWS [5] also allows for the qualitative
evaluation of non-monetary aspects considering e.g.:
- Construction Engineering (assessment of structural safety, safety of traffic and durability)
- Traffic planning (Assessment of traffic routing, effectiveness, noise, environmental aspects)
- Feasibility (Construction laws, design codes, land acquisition, budget and construction time).

3 STUDY CASES - ECONOMY ANALYSES
3.1 Economy analysis of overpasses
3.1.1 Comparison of the efficiency considering the compensation costs following ARS
The construction of a pier at midspan leads to a narrowing of the road. The costs avoiding a
2+2-traffic routing can be applied as compensation costs. The obstructions of traffic resulting
from different construction alternatives are included. For the analysis, it was assumed that obstructions of traffic occur during the whole time of construction. Therefore, they cause compensation costs for the complete period of construction. The length of the obstruction has to be at
least 2 km, existing five days each week. The analysis exemplarily shows the costing for the
“Rhein-Main area” (Hessen). The average daily traffic (DTV) is higher than 100 000 vehicles
in this area, see Table 6.
Table 6: Traffic charge
„Rhein-Main
area“
Average day traffic

[veh./day]

100.000

Car rate (during rush hour)

[veh./day]

18.480

Truck rate (during rush hour)

[veh./day]

2.640

Bus rate(during rush hour)

[veh./day]

110

Delays during traffic jam (rush hour)

[min]

132

4.109

It is obvious that due to the erection by crane mounting nearly no disturbance for the traffic occurs for the composite bridge. So the compensation costs may be based on the full 21 weeks in
comparison to the concrete bridge. The concrete bridge with prefabricated elements at least
achieves an advantage of 6 weeks. Based on these assumptions the construction costs are reduced by the compensation costs. And obviously the disadvantage of the composite bridge
nearly disappears, see Table 7.
Table 7: Compensation costs according to ARS [7] – “Rhein-Main area“
Concrete Bridge
(in-situ)
Traffic densitiy

[veh./day]

Concrete Bridge
(prefabricated)

Composite
Bridge

> 70.000

Erection time

21

15

14

-

6

21

[€]

0

54.000

189.000

Construction costs

[€]

780.000

780.000

976.800

Relation of construction costs

[%]

80

80

100

Total construction costs incl.
compensation costs and ratio

[€]
[%]

780.000
99

726.000
92

787.800
100

Time considered for
compensation
Compensation costs (“2+2”)
Total compensation costs

[€ /day/km]

900

3.1.2 Economy analysis following Ri-Wi-Brue [6]
The analysis shown and evaluated here references to the motorway BAB A5 north of Homburg
in the “Rhein-Main area” [10]. The daily traffic is about 100 000 cars a day with an average
time of traffic jams of about 2 hours during the rush hour, see Ttable 6. The numbers of cars
makes about 20% of the traffic at this time. Due to the higher risk of accidents and the higher
costs of operation within the area, the construction costs and the additional costs resulting form
the construction site are summarized and compared to each other for the different overpass alternatives.
Due to the higher traffic rate and long time of traffic jams, an extension of construction time results in much higher operating costs. The time delay can be included with almost 400 000€ per
day. Remarkable is, that the operating or user costs are much higher than the construction costs.
Obviously the user costs absolutely dominate and completely change the priority, see Table 8.
Comparing the total sums, the composite bridge is the most economical solution due to lower
user or socio-economical costs resulting from a shorter construction time
Table 8: Recommendations for cost-efficiency calculations of roads (“Rhein-Main area”)
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Concrete Bridge
(in-situ)

Concrete Bridge
(prefabricated)

Composite
Bridge

Construction costs

[€]

780.000

780.000

976.800

Relation of construction costs

[%]

80

80

100

Operating costs

[€]

41.990.025

29.992.875

27.993.360

Accident costs

[€]

368.219

263.014

245.479

Total costs including socioeconomic costs

[€]

43.138.244

31.035.889

29.215.639

Ratio of total costs

[%]

100

72

68

3.1.3 Economy calculations following Ri-Wi-Brue [5]
The capital value calculations are based on the following assumptions:
For composite bridges: The construction of the composite bridge is stated as “first activity”, the
modernization after a 50 years long service life is stated as the second activity. Following the
“Ablöserichtlinie” [8], the running costs are assumed to be 1.1 % of the construction costs. As
the bridge is modernized every 50 years and a life span of 100 years is assumed, no residual
capital value is left. For concrete bridges: Analogical to the composite bridge, the concrete
bridge is modernized after 50 years and the same amount of running costs is assumed.
The evaluation of the capitalized costs is shown in Table 9. Due to the higher constructions
costs and the same maintenance costs the concrete bridge structure remains the more efficient
alternative, see Table 9.
Table 9: Cost-efficiency calculations of repair and renovation of road bridges [5]
Concrete Bridge

Composite
Bridge

Construction costs

[€]

780.000

976.800

Capitalized construction costs (1st)

[€]

858.000

1.074.480

Capitalized construction costs (2nd)

[€]

195.716

245.096

Capitalized maintenance costs

[€]

298.230

373.476

Capitalized end value

[€]

0

0

Sum

[€]

1.351.946

1.693.052

Ratio

[%]

80

100

3.1.4 Conclusion: Economy analysis for overpasses
The advantage of the concrete bridge is the lower construction costs, disadvantages are the traffic interruptions caused by the construction of the midspan pier and the higher accident risk
caused by the pier. Whereas the composite construction is more expensive regarding the construction costs, the traffic interruptions are smaller due to the shorter construction time and the
omitted pier, which is also minimizing the accident risk for traffic. Comparing socio-economic
costs following EWS [7] the steel-concrete composite solution is most advantageous.

3.2 Economy analysis of a motorway bridge with a 45m long span
3.2.1 Comparison regarding the compensation costs following ARS [7]
Compensation costs for motorway bridges take into account a shorter construction time resulting in minimizing the 4+0-traffic routing and therefore reduced costs and number of traffic
jams. This is the case i.e. for demolition and reconstruction of one superstructure while the traffic is rerouted to the second superstructure. The compensation costs according to Table 4 are
deducted from the superstructure costs. A typical prestressed concrete box girder bridge is
compared to the four alternatives of the steel concrete composite bridge according to Fig. 5.
For the concrete bridge, the progress of construction work is comparable to the composite cross
section Types 1 and 2. Resulting from that, no compensation costs can be deducted. A common
prestressed concrete box girder bridge has an average price of 350 €/m², which adds up to
227500€ for one span of a 45m long superstructure. The costs were calculated as mean value
from the example collection in [2]. The calculation exemplary shows the cost evaluation for the
“Rhein-Main area”, see Table 10, where the average daily traffic (DTV) is higher than 100000
vehicles.
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Table 10: Motorway bridge - compensation costs
Concrete
Type

Type 1

Type 2

Type 3

Type 4

Average day traffic

[veh./ day]

Compensation costs

[€/day/ km]

> 70.000

Construction costs

[€]

1.137.500

1.617.205

1.316.105

1.460.850

1.992.825

Ratio of construction costs

[-]

57 %

81 %

66 %

73 %

100 %

Construction time

[weeks/ span]

18

18

18

7

6

Time considered for compensation

[weeks/ span]

-

-

11

12

Total compensation costs

[€]

0

0

0

401.500

438.000

Construction costs
reduced to compensation costs

[€]

1.137.500

1.617.205

1.316.105

1.059.350

1.554.825

Ratio

[-]

70 %

100 %

81 %

66 %

96 %

3.650

Concerning the overall construction costs the bridge Type 2, which is the classical composite
bridge with 2 steel girders and cast in situ concrete slab, gives the minimum costs among the
composite bridge alternatives. Reducing the construction costs by the compensation costs according to ARS changes the situation. The consideration of compensation costs leads to a preference of Type 3 with prefabricated slabs instead of Type 2. And what is also interesting the
composite bridge Type 3 is comparable to a prestressed concrete bridge. So although a construction type is more expensive, through the reduced construction time, the costs may be balanced.
3.2.2 Economy analysis following EWS [6]
The same volume of traffic is assumed for motorway bridges as it was used for overpasses. For
every working day, costs of about 400 000€ (Table 5 and 6) result from operating or user costs
caused by traffic interferences. Following a construction time of 18 weeks for the composite
section Type 1 and 2 and similar for the concrete alternative), socio-economical costs may be
taken into account of about 35 Mio. €, see Fig. 7 and Table 11.
For Type 3 and 4 sections due to the shorter construction time the operating costs are reduced
by around 60%. Similar ratios exist for the costs caused by accidents. Due to the long traffic
jam times within the “Rhein-Main area”, the operating costs are several times larger than the
construction costs, see Figure 7.
40.000.000 €
constructions costs
operating costs
accident costs

35.000.000 €
30.000.000 €
25.000.000 €
20.000.000 €
15.000.000 €
10.000.000 €
5.000.000 €
0€
Type 1

Type 2

Type 3

Type 4

Fig. 7: Recommendations for cost-efficiency calculations of roads –
comparison of different composite bridge types
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.

Due to the shorter construction time of Type 3+4 the impact for the user as represented by the
operating costs is minimized giving an advantage to composite bridge Type 3 and 4 also in
comparison to the concrete bridge, see Table 11.
Table 11: Capitalized values – evaluation for a lifetime of 100 years
Concrete
Bridge

Composite
Type 1

Composite
Type 2

Composite
Type 3

Composite
Type 4

Construction costs

[€]

227.500

323.441

263.221

292.017

398.565

Relation of construction costs

[%]

57 %

81 %

66 %

73 %

100 %

[weeks]

18

18

18

7

6

[€]

35.991.450

35.991.450

35.991.450

13.996.675

11.997.150

100 %

100 %

100 %

39 %

33 %

[€]

315.616

315.616

315.616

122.740

105.205

100 %

100 %

100 %

39 %

33 %

Total operating and accidents
costs

[€]

36.307.066

36.307.066

36.307.066

14.119.415

12.102.355

Ratio of total operating and
accidents costs

[%]

100%

100%

100%

39%

33%

Construction time

Operating costs
Ratio of operating costs
Accident costs
Ratio of accidents costs

3.2.3 Economy analysis following Ri-Wi-Brue [5]
The example was conducted for a lifespan of 100 years. After 50 years, for the composite
bridges the concrete slab is assumed to be renovated, for the concrete bridge, the superstructure
needs to be modernized completely. In both cases, the maintenance costs are assumed to be 1.1
% of the construction costs. Due to a complete modernization, the left over costs of the superstructure are assumed to be zero and therefore not considered. The diagram in Fig. 8 compares
the capitalized costs for the various types of sections for an overall lifetime of 100 years.
For the composite bridges the lowest costs are summed up for section Type 2 with the minimum initial construction costs. They are comparable to the values of the concrete bridge, the
difference comes to about 4 %. The other composite sections show a much higher costing between 14 to 49% more, see Table 12 and Figure 8.
800.000 €
700.000 €

constructions costs
capitalised construction costs (2nd)
capitalised terminal value

capitalised construction costs (1st)
capitalised maintenance costs
sum

600.000 €
500.000 €
400.000 €
300.000 €
200.000 €
100.000 €
0€
Type 1

Type 2

Type 3

Type 4

Concrete
Bridge

Fig. 8: Calculation of capitalized costs for 100 years
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The example shows that higher construction costs can switch to lower capitalized values due to
different lifetimes or due to maintenance costs. However the knowledge of input values such as
realistic maintenance costs is crucial and should be improved.
Table 12: Capitalized values (for one span) – evaluation for a lifetime of 100 years
Concrete
Type

Composite
Type 1

Composite
Type 2

Composite
Type 3

Composite
Type 4

398.970

332.475

363.935

481.195

Capitalized construction costs (1st)

[€]

293.150

Capitalized construction costs (2nd)

[€]

66.869

35.922

35.922

35.922

35.922

Capitalized maintenance costs

[€]

86.983

123.765

100.652

111.587

152.346

Capitalized end value

[€]

0

2.807

2.282

2.531

3.455

Sum

[€]

447.003

555.850

466.767

508.914

666.008

Sum (ratio)

[%]

100 %

124 %

104 %

114 %

149 %

3.2.4 Conclusion: Economy analysis of 45 m long motorway bridges
As shown by analyses, the four composite alternatives with a middle range span strongly differ
from each other concerning construction costs and time. In any case, the construction costs are
higher than those of a concrete alternative. The values for composite bridges are similar to concrete bridges if the compensation costs [7] are taken into account and the construction method
is optimized towards the construction time.
Clear advantages for composite bridges using precast slabs can be shown if the socioeconomical costs [6] are considered. The evaluations show that the influence of the user costs
depends on the traffic density and the average delay of time due to traffic jams. The user costs
finally achieve a multiple value compared to the construction costs and may completely change
the preference.
Considering all costs related to the life span of bridges [5], composite bridges become competitive to concrete bridges (same capital values). Also, the non-monetary aspects show additional
advantages of composite bridge sections: So e.g. the reduced construction time lead to minimized environmental impact such as noise emission and impact to nature due to site activities
etc. In summary the assessment according to [5] gives a good view on the influence of construction type and the capital demand needed for the whole lifetime of a certain structure.

4 SUMMARY AND OUTLOOK
Different alternatives to conduct economy analyses on overpasses and motorway bridges have
been discussed within the expertise elaborated on behalf of the Hessian Road and Traffic Administration (in Wiesbaden).
The three methods of cost efficiency evaluation introduced, examine different aspects of economy analyses. All three of them show as result that it is not sufficient just comparing the construction costs without considering the construction time, construction method and type of construction of a bridge.
The construction of a bridge causes traffic interferences. Consequently, it is intended to minimize them to keep the socio-economical costs as low as possible. The effect of those costs can
be taken into account following EWS [6]. Similarly the aspect of reduced construction time can
be considered by the approach of compensation costs according to ARS [7]: Additional costs
are accepted for a shorter time of construction.
But the costs of construction only reflect a small part of the costs connected to a bridge. Along
with it the costs for maintenance, restoration, modernization as well as demolition of the bridge
have to be considered. As these costs develop over the lifetime of the bridge, it is necessary to
determine the capital demand through capital values.
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It is shown by the expertise, that composite bridges are competitive through consideration of all
construction and maintenance costs instead of just considering the construction costs. Therefore, the goal has been to consider all costs of construction, use and maintenance associated to a
bridge and to include them in an assessment.
To look in the future we have a certain responsibility:
Consideration of only construction costs for economic efficiency is not sufficient, but life-cycle
costs have to be determined. For roads of high traffic density and importance for the regional
infrastructure optimization of construction method should be aimed at considering also the so
called “socio-economical effects”. The criterion of sustainability has become a key issue. There
is a need for sustainable long-living structures, also taking into consideration future demands
such as increasing traffic volume. The traditionally used design concept, which aims at achieving the minimum initial costs, does not fulfil this request. Therefore new assessment approaches have to be developed, which look on the efficiency of constructions as a whole e.g. by
calculating life cycle costs.
The calculations and comparisons conducted in the expertise want to boost the willingness to
consider all costs of a structure within its lifespan and to take new paths on assessing and
evaluating structures concerning their economy
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Blasting Technology for Demolition and Deconstruction
P. Löwe, T. Loose
Ingenieurbüro Tobias Loose GbR, Karlsruhe, Deutschland

ABSTRACT: Blasting technology is one of several possibilities for Demolition and Deconstruction. There are some important advantages especially for employment protection and environment protection. This paper points out the historical development, the explanation of how blasting works and gives some examples for different applications.

1 INTRODUCTION
In recent years the importance of blasting technology increased. The improvement for this
technology is fast-paced. Everybody has watched pictures of blasting in TV: collapsing highriser in a smallest area, chimneys falling exactly in predefined direction, bridges tumbling down
or the spectacular fountain of blasting an damp biotope.
Why blasting? Blasting technology is firstly used where other technical facilities are not sufficient or too expensive. The intent for blasting technology is increasing for environment protection and employment protection. Mechanical demolition of buildings puts pressure to residents
for a long time by noise and dust. Especially for employers exist an risk by particles falling
down or by fall for themselves. The possibility of demolition by press a button in a save distance is minimizing this risk extensively (fig. 1).

Figure 1. Initializing the demolition with an safe distance.
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2 HISTORY
The history of blasting technology is coupled with and until today influenced by military
technology (Heinze 1993). The first explosive mixtures are known in asia and the Mediterranean area. In 232 describes Julius Africanus the so called greec fire, an powder containing sulfur, flammable organic matters, liquid asphalt, quicklime and salts.
In Europe the monk Berthold Schwarz (ca. 1330, fig 2 left) was long time recognized as inventor of the gun powder named Schwarzpulver. But in in 846 Marcus Graecus describes in his
book liber igenium an mixture of sulfur, carbon and saltpeter in the proportion 1:2:6. 1267, earlier than Schwarz, the Englishman Bacon was engaged in this kind of mixture. The use of gun
powder for shooting is attributed to Schwarz. The commercial use of gun powder starts in 17.
century. The tyrolean miner Caspar Weindl arranged the first mining technique blasting with
gun powder, which is first mentioned in records.
Principal in the 2nd half of the 19. Century begins the design and practice of explosives with
high brisance. 1799 the chemist Howard developed the mercury fulminate. 1846 succeeded
Shönbein the production of gun cotton by covering cotton with sulfuric acid and nitric acid.
1848 invented Sobreto the nitroglycerin by nitration of glycerin with nitric acid.

Figure 2 left: Berthold Schwarz, right: Alfred Nobel
The Swede Alfred Nobel was the first, who succeeded the technical production of nitroglycerin. But production, transport and application were highly dangerous, because of nitroglycerin
is detonating at lowest vibration. Nobel was investigating in a solution. Meanwhile there were
some serious accidents in his factories. He solved the problem and fabricated the first explosive
safe in handling. But he is not the inventor. This is the Claustaler Friedrich Shell (Oberharz),
who had the genius idea to soak sand filled in paperboard roll with nitroglycerin. With this method the dangerous explosive become safe in handling without loosing his explosive strength
(Liessmann, 1997). In this time Nobel traveled through the Oberharz and took this method, replaced the sand by kieselguhr from the Lüneburger Heide and named the new explosive Dynamit. In 1875 he added collodion wool to the nitroglycerin and succeded in production of gelatin
explosive – the gelatin dynamite as one of the most powerful commercial explosives. Based on
ammonium-nitrate based explosive invented by the Sweden Olsen and Norrbin, he developed
the ammonium-nitrate based gelatinous explosive by combination with solified nitroglycerol.
This explosive is until today in practical use. A particular problem was the save initialization of
the detonation. The until today ordinary blasting cup was invented by Nobel too.
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At the turn of the century started the electrical firing, later the electrical firing with delay and
in the time of now the electronic firing which means significant advantage in safety. After 2nd
world war special explosives were designed: permitted explosives with high safety, explosives
for seismic investigations, heat-proof explosives, special charges, detonating cords, pumpable
explosives and matters, which are firstly mixed to explosives at blasting point or in the bore
hole.
3 TECHNICAL TERMS AND DEFINITIONS
(Autorenkollektiv 1985)
3.1 Deflagration
The deflagration is a chemical reaction of explosive material like gun powder with low velocity
(100 to 1000 m/s), effective only by gas pressure. The oxygen needed is present in the reactive
system. The decomposition products, the combustion gases, are streaming against the direction
of deflagration.
3.2 Detonation
The detonation is a chemical reaction of brisant matters with an shock, which initiates the transformation and which is extending ultrasonically with a speed over 1000 m/s till 9000 m/s. The
coupling of the materials delivering the energy occurs in the detonation area. The combustion
gases are streaming in the direction of detonation. The detonation velocity signs the brisance,
the capability to demolish the environmental material.
3.3 Explosion
The Explosion is a sudden efficiency caused on the expansion ambition of gases and vapors. It
based on an exothermal reaction, which releases suddenly high potential energy
3.4 Explosion pressure, efficiency, explosive strength
The explosion pressure is the pressure, which evolves from the explosion. Hereby is it equal if
the cause is deflagration or detonation. By deflagration the explosion pressure is equal to the gas
pressure. By detonation the explosion pressure is the addition of shock and gas pressure.
4 CHARACTERISTICS OF EXPLOSIVES
The slogan “much is helping much” is not valid for the blasting technology. Contrawise: in case
of overloading damages in the environment occur and the appointed blasting success, to attain
an defined grade of demolition, is missing. The overloading adverts to the mass of the explosive
and also to the brisance of the explosive.
In a stone pit for marble slow explosives with high gas volume are used. An pushing force is
desired to get large blocks without cracks to process them into plates. The use of high brisant
explosives will result small unusable pieces. Depending on the chemical composition of the
marble donarite or gun powder are suitable for explosives.
An other fact is the blasting of Buildings. Here it is considered to demolish the structure by
the shock an afterwards eject the material by the expanding gases. The explosives used for this
job has detonation velocities at 3500 m/s in the bore hole. The higher the reinforcement the
higher should be the detonation velocity.
More extremely are seismic blastings or shaped charges to cut steel. The gas volume is not
needed. The only fact is the work of the shock, depending on the detonation velocity.
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5 BLASTING OF STEEL WITH SHAPED CHARGES
The conventional method today of cutting steel with shaped charges is linked to the invention of
hollow charges. It was recognized that the formation of the explosive, assisted by an inlay of
metal, increases the impact in the depth. For shaped charges explosives with high brisance are
used.
The cross section and the construction of an shaped charge is pointed in figure 3. After initializing and detonation of the explosive the copper inlay is accelerated under high pressure with
impact. It collapses in the hollow (fig. 3 middle). Out of the collapsing lens begins the projectile
called stinger, which moves with a velocity nearby 9000 m/s. If this projectile hits the target, the
penetration takes hydrodynamically place because of high pressure and high velocity. The projectile is dissipated in the ground of the crater and is eroding the base material. The penetration
is finished, when the projectile is completely dissipated. (Loose 2003)

Figure 3: Shaped charge, cross section and mode of operation

6 BLASTING FOR DECONSTRUCTION
6.1 Buildings
Depending of the free area next to the building two methods are applicable: Method 1: tilting,
method 2 collapsing. The loading is applied in bore holes. The holes were filled with clay, wet
newspapers or polyurethane foam, so that the explosive is not detonating inefficiently. For both
methods the bore and blasting technology is the same. The different is in the arrangement and
the detonation time of the loadings. For the objects to be tilted, there has to be blasted an so
called jaw. (fig. 4 left)
For the dimensioning of the jaw the center of gravity has to be considered. The jaw is a complete cut through the blasting object. Stairways, elevators and chimney needs a special treatment. They have to be degraded, completely taken out or blasted in first order. Often the object
is completely cut in the horizontal line by a line of single loads (fig. 4 right and fig. 5)

Figure 4 left: profile with jaw, right: development drawing front view
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Figure 5: Footprint
High-riser were get to collapse by blasting because there is less free area and the ground motion is increasing if the were tilted. In the base and in the middle some structural levels were
completely blasted out (fig. 6). The firing is for every line in the construction level at the same
time. Otherwise it will generate an jaw, which has to be impeded.

Figure 6: Collapse method for deconstruction of high-riser

6.2 Chimneys
In Germany it is not allowed anymore to blast chimneys by the collapse-method. There is an
great risk, that the upper part sits on the base without collapsing and tilting in any direction
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without control. For that reason only the tilt-method with blast jaw is applied. The cross section
is blasted out over more than 55 %. Next to the edge of the jaw were two fissures stemed, to
stabilizes the tilting (fig. 7.). Difficulties occurs when the chimney has an inner chimney or if
the chimney is filled with demolition waste.

Figure 7 left: footprint of chimney, right: profile with fissure

Figure 8 left: development drawing front view, right: chimney falling down
An example of such an difficult blasting object is shown in the figures 7 and 8. In the same
way like building the jaw is blasted at the outer chimney. The inner chimney is bored at the side
and loaded with detonating cord.
An pivoted joint in the base of the fissures is used for thin walled chimneys of reinforced
concrete. This effected that the falling is stabilized and that the chimney is not able to break
away laterally.
6.3 Foundation
A new scope of duties is the deconstruction of windmills. The constructional systems were carefully decomposed for reselling. Finally the steel-ring, which anchors the windmill, remains in
the concrete of the foundation in a depth of 2 m. The steel-ring is exactly manufactured and it is
recommend, that he did not deforms during deconstruction. Mechanical deconstruction is not
practicable because of strong reinforcement.
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The blasting method used is like the blasting method in tunneling. The reinforced concrete is
enclosed in the steel-ring and therefore constrained (pressure). First item is blasting a hole in the
middle with higher loading. Next item is blasting the other loadings around with delay in the
hole. Last item is the blasting of the outer foundation. The direction is from outwards to inwards, circular and with time delay. An example for such blasting object and the blasting result
is shown in figure 9.

Figure 9 left: Foundation with steel ring, right: blasting result
6.4 Steel constructions
The blasting method for steel is separating the steel with shaped charges. The steel is cutted
by blasting. Figure 10 shows an example. With shaped charges an opening 200 mm x 300 mm is
blasted in an 10 mm thick steel plate.
For the deconstruction of steel construction the same methods, tilting or collapsing, were applied as for buildings of concrete or brickwork. Supporting columns or beams are separated by
shaped charges in the way that the construction is tilting or collapsing.
Wired pylons can be disposed when the cables in one direction are cutted. Caused by the tension in the other cables, the pylon is accelerated in the so defined direction.

Figure 10: Example for blasting steel
7 CONCLUSION
The possibility to initiate explosives in a secure distance enables the blasting technology to
deliver an significant contribution for employment protection in deconstruction and demolition.
Starting with the history of explosives, this paper points out several operation conditions for different explosives. The physical effectiveness is explicated and focused for several kinds of
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blasting jobs. The blasting technology is shown in examples for deconstruction of miscellaneous
kinds of constructions and building classes.
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ABSTRACT: The management of construction and demolition waste is a key issue in the development of sustainable buildings. Even if the technical and economic feasibility of recycling
has been proven, only 25% of the waste is recycled in the European Union. Prevention, re-use
and recycling are the basic approaches to waste management. The Community's waste management strategy calls for the avoidance of waste generation and, as far as possible, that of waste
disposal. Effective actions to prevent the generation of waste include the choice of building materials and architectural techniques. Moreover, the demolition methods have to be taken into account in order to reduce the amount of waste and to make it easier to re-use, including selective
demolition, sorting and crushing operations. In this paper the main issues related to the waste
management are discussed with reference to demolition techniques and design strategies for deconstruction. In particular, different demolition methods are presented for the main structural
typologies and materials. Also the factors relevant to the choice of the demolition technique and
its influence on the eventual recovery of materials are investigated. Finally, the key principles of
different design strategies for re-use and recycling of buildings are presented, including design
for adaptability, for dismantling and design for deconstruction.
1 INTRODUCTION
The total production of construction and demolition waste (C&DW) in the European Union is
about 450 million tonnes per year and represents the most part of waste stream (EC WMU
2000). If earth and excavated road material are excluded, the amount of generated construction
and demolition waste is estimated to be roughly 180 million tonnes per year, which represents
480 kg per person.
Roughly 75% of waste is landfilled, despite its major recycling potential. This means that
more than 3 million tonnes per year have to be occupying existing landfills.
In Table 1 the construction and demolition recycling rates (apart from earth and excavation
waste) in the 15 Member States are shown (SYMONDS Group 1999). The wide variety in the
management of that waste within the European Union can be noted. Very few Member States
have specific management legislation. However, those countries (and in particular the Netherlands, Denmark and Belgium) which have introduced measures to improve its management have
achieved high levels of recycling, thus demonstrating that construction and demolition waste
has a very high recycling potential. The south European countries (Italy, Spain, Portugal,
Greece) recycle very little of their construction and demolition waste. Their natural resources
are of a sufficient quality and quantity to meet the demand for building materials at a moderate
cost. The market for recycled materials is not highly developed in those countries.
To reduce the impact of buildings on the environment, in recent years different strategies
have been developed that are mainly based on prevention policies and improved construction
and demolition waste management.

4.124

Table
1. Produced and recycled C&DW in EU (SYMONDS Group 1999)
________________________________________________________________________________________________

Member
State ‘Core’ C&DW Arising % Re-Used or Recycled % Incinerated or Landfilled
________________________________________________________________________________________________
Germany
UK
France
Italy
Spain
Netherlands
Belgium
Austria
Portugal
Denmark
Greece
Sweden
Finland
Ireland
Luxembourg
EU-15

59
30
24
20
13
11
7
5
3
3
2
2
1
1
0
180

17
45
15
9
<5
90
87
41
<5
81
<5
21
45
<5
n/a
28

83
55
85
91
>95
10
13
59
>95
19
>95
79
55
>95
n/a
72

In the following an overview of waste management issues is provided, with particular reference to design strategies for prevention and demolition methods for recycling.
2 C&DW MANAGEMENT AND DESIGN STRATEGIES FOR PREVENTION
A description of the life cycle of materials is provided by the Delft Ladder (Figure 1). In this
case, 10 separate processes are identified for the life cycle of materials, including both material
cycle and building stages. On the basis of the Delft Ladder, different actions can be undertaken
to use materials and elements at the highest possible level during their life span, reducing waste
production and disposal to landfill.
To aid thinking about management of waste, a waste hierarchy has been developed, where
the different options are ranked from prevention to disposal (Figure 2). The waste hierarchy is a
reduced and simplified version of the Delft Ladder.
Generally, different design strategies can be adopted for the sustainable management of construction and demolition waste according to building stages.
The first stage is the prevention of waste by design. Waste can be avoided by designing a
building system that allows dismantling and reassembly or designing a building component that
allows the materials to be recycled. The waste reduction corresponding to the two first levels of

Figure 1. The Delft Ladder (Kristinsson et al. 2001)

Figure 2. The waste hierarchy (Sligo
Counting Council 2004)
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a) Front view

b) Rear view

c) Apartment
d) Classroom
Figure 3. Example of a building designed for adaptability in Schijndel, The Netherlands. Front (a) and
rear views (b) Combined apartment (c) and school (d) building (Dorsthorst & Kowalczyk 2002).

waste hierarchy, i.e. prevention and minimisation, has two components, corresponding to the
reduction of the amount and of the hazard of waste produced.
The other actions, according to waste hierarchy, are the reuse of elements and recycling of
materials. Elements removed from a building should be improved by maintenance and refurbishment and reused for their original purpose in a new situation. Waste materials from production processes can be collected and improved to make them suitable for returning to the production process. In particular, C&DW can be recycled, down cycled or up cycled (Dorsthorst &
Kowalczyk 2002). When the material is used for the same function again, it is called recycling
(steel scrap used for the production of steel). When the material is used for another function it is
called down cycling (mixed granulates used as a road base material) and when the recycled material is used for a better function than the original material it is called up cycling (fly ash used
in cement or concrete).
On the basis of different levels of reuse, two main design strategies can be identified for
building structures: Design for Adaptability (DfA) and Design for Deconstruction (DfD).
DfA is suitable for constructions having a longer lifetime than its function. So buildings must
be easy to adapt to other functions, in order to create a longer lifetime. An example for a building that has been designed for adaptability is shown in Figure3.
DfD is aimed to reusing and recycling of elements and materials respectively. In the second
case the design approach is also called Design for Dismantling (DfDm).
3 DEMOLITION TECHNIQUES
The practices involved in the demolition of buildings strongly influence the reuse and recycling
of components and materials.
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The demolition industry has undergone major transformation within the last 20 years (Hurley
& Hobbs 2003). Traditionally it has been a labour intensive, low skill, low technology and
poorly regulated activity, dealing mainly with the disassembly and demolition of simply constructed buildings. More recently, it has followed the trend of all major industries and mechanized the processes by replacing manual labour with machines. This is because of the increased
complexity in building design, the financial pressures from clients, health and safety issues,
regulatory and legal requirements and advances in plant design. The industry now employs
fewer, but more highly skilled operators and very expensive specialized equipments. Traditionally, much of the demolition contractors’ income was from the sale of salvaged and recycled
materials. Today income is mostly generated from the contract fee - demolishing as quickly and
as safely as possible. Nevertheless, substantial amounts of materials and components are recovered or reclaimed but, for down-cycling, is not used to its fullest potential.
To reflect the number of significant changes in the demolition industry, the 1983 British
Standard Code of Practice for Demolition was reviewed in 1990s and issued on September 2000
to provide a clear structure for the demolition procurement and management process (BS6187
2000).
The selection of demolition method is dependant on several factors concerning the physical
aspects of the building to be demolished, with safety and economic issues, i.e. the location of
the building, the type of structure and materials involved, the space available on site for segregation and storage, health and safety of operatives undertaking demolition work, permitted levels of nuisance and, finally, on the time and money available.
There are several methods of tackling a demolition, all of which have various merits relating
to the factors above. The main issue is to identify the factors relevant to the choice of demolition
methods in a particular case, and determine the influence that decision has on the eventual reclamation of materials. The demolition process relies on one of eight basic methods: pulling, impact, percussion, abrasion, heating (or freezing), expanding, exploding or bending. In Tables 2,
3 and 4 traditional and some innovative methods of demolition are shown in tabulated form.
Table 2. Traditional demolition methods (Hurley & Hobbs 2003)
METHOD TOOLS/EQUIPMENT APPLICATION PREPARATION
REQUIRED
SUITABILITY /PROCEDURE
By Hand
Portable tools including: Now reserved Demolition proceed
crowbars or mattocks
mainly for high in a top-down fashpneumatics drills
and inaccessible ion, floors in buildpower saws
areas, or archi- ings are removed
tectural salvage prior to demolition to
prevent premature
collapse due to
weight of debris collection
Pulling
Wire Rope
Brick or maRemove all stabilisVehicle to provide pull- sonry structures ing components e.g.
ing power
pipework, beams and
lintels
Detach from adjacent
buildings
Set rope around section of brickwork and
drag to collapse

COMMENTS
Oldest method
Labour intensive and slow
Expensive if labour costs
are high
Debris is easily segregated
for salvage purposes
Possible safety implications of working at height.
Causes dust nuisance
Time consuming if uncontrolled collapse occurs
Destabilised for a period
before demolition – safety
implications.

Safety on demolition sites has been a major factor in current trends for demolition techniques,
especially for steel and concrete structures. The track loader and crawler crane and drop ball
have been replaced by excavators with long reach booms to distance the operator from the
building being demolished. This trend of taking personnel out of potentially dangerous situations and providing machines for dismantling (for recycling) buildings is likely to increase and
maybe extended to soft strip applications. Specialist tools and attachments to excavators and
mini-excavators increase the scope of dismantling and deconstruction operations and can provide additional safety for operatives.
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Table 3. Other traditional demolition methods (Hurley & Hobbs 2003)
METHOD TOOLS/EQUIPMENT APPLICATION PREPARATION
COMMENTS
REQUIRED
SUITABILITY
/PROCEDURE
Impact
Demolition ball beFairly large,
Remove floors as
Widely used in Eurotween 0.5 and 2.0 ton brick, masonry,
per hand Buildings
pean countries
suspended form a
concrete or r.c.
> 30m high should
Produces noise, vicrawler crane
be reduced by hand bration and dust
before using ball.
Can be set to drop
Detach from adjaweight vertically onto
cent
floors and foundations
Pusher arm (extended Normally brick- Arm is positioned
Popular in late1970s
arm and steel pad fit- work
at top of wall and
More controllable
ted to tracked vehiforward motion ap- and versatile then
cle)
plied
demolition ball
Restricted in terms of
height of wall to be
demolished
Percussion Hammer: hydraulic
Concrete, brick- Involves repeated
Pneumatic hammer is
or pneumatic: handwork, masonry
impact
smaller and lighter,
held or vehicle
and steel. Capabut noisier than hymounted
ble of partial
draulic
demolition
Both produce persistent noise
Hydraulic breaker,
Jaw-like attachProduces small size
four or five types
ments break or cut
materials, no need for
available
concrete and steel
secondary crushing
by holding and
before use as recycrushing into seccled aggregate
tions
Reasonable cost
Table 4. Innovative demolition methods (Hurley & Hobbs 2003)
METHOD TOOLS/EQUIPMENT APPLICATION PREPARATION
REQUIRED
SUITABILITY
/PROCEDURE
ExpanBuster with wedges
Concrete or ma- Mechanical wedges forced
sion/bursti
sonry
into pre-drilled holes and
ng: Static
expanded by hydraulic
pressure
Cannot be used
Chemical expansive
E.g. Injection of unslaked
for narrow
agent
lime composite mixed
structural memwith water into predrilled
bers, r.c. or pre- hole, hydration of mixture
stressed concauses expansion which
crete
splits surrounding material
Dynamic
Explosives, highApply to pre-drilled holes
pressure water, gas
pressure
CARDOX

Abrasive
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Hammer drill, hand
operated, or vehicle
mounted

General

Diamond boring machine

Drilling concrete

Liquid carbon dioxide in
metal tube inserted in predrilled hole, heated by
electric filament, causes
expansion
Reduces concrete to dust
using rapidly rotating and
hammering bit

Diamonds form abrasive
interface

COMMENTS
Create noise
and dust at
drilling stages,
otherwise nuisance free.
Slow.
Good for
working in
close proximity to other
buildings.

Vehicle
mounted
hammer drill
used for the
destruction of
mass concrete
Quite slow
and expensive

The sequence of building demolition and the execution of the different stages is as follows:
stripping out, roofing tiles, roof beams, timber, internal plasterboard, cladding, floors, structural
elements and foundations. These stages yield six main types of materials which are: fixtures and
fittings, roofing materials, plasterboard, timber structural steel, concrete and bricks.
Generally, most of these materials are recovered and recycled. As far as reusing is concerned,
existing techniques are generally remote. In the case of structural steel members, beams and
columns are either partially or totally flame cut or, alternatively cut using shears attached to a
modified excavator. Bolts are rarely removed prior to recovery. Methods to promote an increase
in the amount of steel to be reused are likely to involve removal of bolts from areas where access and space is restricted. This is likely to involve a greater risk of injury to operatives where
machines are not available. For the case of concrete structures, most commercial buildings are
cast in-situ concrete frames and therefore need to be destructively demolished. The concrete
elements are therefore unlikely to be reused in their original form, and at best could be crushed
down and the steel and crushed concrete recycled. Concrete frames incorporating pre-cast concrete beams are simpler to deconstruct if the joints are simply supported. However, these joints
are frequently cast in place, usually with a concrete or mortar that is stronger than the actual
beams themselves. One barrier at the moment is that no standard jointing systems exist and the
joints are not designed with deconstruction in mind, although new and innovative jointing
methods are being developed.
The development of new tools, techniques and working practices is an essential pre-requisite
to deconstruction and reuse of structural elements.
4 DESIGN FOR DECONSTRUCTION
Deconstruction is the process of taking a building or structure apart, selectively dismantling and
removing elements before the structure is demolished, or avoiding demolition altogether, and
disassembling the entire structure, in the reverse order in which it was constructed (Hagen
2007).
In the following, an overview of the main issues related to deconstruction of framing structures of different materials is presented, including steel, concrete and timber constructions
If compared to other building elements, the structural framing of a building usually degrades
slowly. Partial deconstruction as part of refurbishment or adaptation for a new use is therefore a
common choice in preference to full deconstruction or demolition of the structural frame (Addis
& Schouten 2004).
Few general principles should be taken into account to maximize reuse of structural elements
or recycling of materials. In the first case, the using of a standard column grid and interstorey
height, the connection of element to facilitate dismantling and the use of standard and reusable
fixing should be considered. With regard to recycling after deconstruction, the using of structural systems that are easiest to deconstruct and demolish is recommended.
In particular, for what concerns steel structures, bolted connections should be used in preference to welded joints to allow the parts to be dismantled for adaptation to new uses.
An example of innovative steel frame connector is the Quicon System that was used for the
first time in 2002, to construct a mezzanine floor within a warehouse unit in Dartford (SCSSC
2003). Using this system it is possible to reduce the construction programme by 50%, if compared with traditional methods. The Quicon system includes a slotted T-piece which is welded
to the main column or beam in the factory. On site, the T-piece is attached to the supporting
beam or column via a series of short studs attached to the beam. Figures 4 and 5 show the beamto-column connection.
Designing the framing system with equal beams and columns and standard connection details
also facilitate the reuse after deconstruction. Also long beams should be designed in the framing
structure to allow flexibility of use, e.g. trimming to a new length. Easy and permanent access to
connection is another important factor to be considered in design for deconstruction. Even if
steel is completely reusable, due to some provisos, make reuse of steel less attractive under the
economic point of view. In fact, steel might be corroded or covered with paints or with fire protection spray or intumescent paints. As a consequence, steel should be free from all coatings
and, fire engineering approach should be considered in order to omit fire protection.
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Figure 4. The Quicon system (SCSSC 2003)

Figure 5. 3D model of the Quicon system

In case of concrete structures, pre-cast beams and columns can be reused even if difficulties
can arise at the end connections, which generally are cast in situ. To facilitate deconstruction,
steel end fixing and bolted connections should be used in preference to grouted connections.
Moreover, simply supported beams have to 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 as secondary aggregate in low-strength concrete.
There are a number of pre-cast building systems that are designed for disassembly: MXB-5,
Bestcon-30, CD-20, Moducon-2000, and SMT systems. These systems have been developed in
Netherlands and use a limited number of types of pre-cast concrete components. The limited
number of different types of structural components used will result in a large enough stock of
compatible components that may attract interest for reuse in the future. Using these systems
many buildings (office buildings, schools, hospitals and such like) have already been built. An
example of such systems is shown in Figures 6 and 7 (Vambersky 1994).

Figure 6. Principal detail of demountable precastconcrete system Matrixbouw

Figure 7. Office building in demountable precastconcrete system Matrixbouw

Timber structures present similar issues to steel framing as far as design for deconstruction.
Generally, mechanical connections should be preferred to glued joints. With regard to recycling,
screws in preference to nails that may remain embedded in the timber after dismantling are suggested.
With regard to structural masonry, design for reuse involves the using of mortar weaker than
the masonry in order to facilitate separation of bricks and of prefabricated brickwork panels. In
what concerns recycling for fill or aggregate in low-grade concrete, it is important that no
chemicals are contained in brickwork that could contaminate the water in the concrete mix.

4.130

Roof structures are generally suitable for reuse after deconstruction if made of truss or
framework systems. After dismantling, they may be reassembled in their original configuration
or in alternative layout.
Finally, as far as foundations are concerned, pre-cast concrete pad foundations or steel screw
piles should be preferred for easy removal and reusing. Also steel and pre-cast concrete driven
piles can be used for deconstruction. Generally, in-situ reinforced concrete piles which are difficult to remove and separate into base materials should be avoided even for recycling.
5 CONCLUSIVE REMARKS
An overview of the different design strategies for deconstruction and of demolition practice was
presented in this paper.
The factors relevant to the selection of demolition methods and their influence, the decision
in choosing the methodology in reclamation of materials have been discussed.
As far as deconstruction is concerned, the issues related to different structural typologies
were discussed both for recycling and reuse of materials and components.
Even if the list of design principles and demolition methods offer guidance on how to design
for future disassembly, the main questions are related to the selection of most suitable design
strategies that should be based on an integrated approach including decision aid methodologies
and life cycle assessment procedures.
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Deterioration and systematic condition investigation of rendered
facade
J.M. Lahdensivu & J.S. Mattila
Tampere University of Technology, Tampere, Finland

ABSTRACT: The repair methods of rendered facades are selected primarily on the basis of the
technical condition of the structure. The information on the deterioration level of structures from
a condition investigation allows the selection of appropriate repair methods and an assessment
of related risks and the service life of the repair.
The content of a condition investigation is to be such that set goals are achieved. Usually the
aim is to determine the repair need and safety of structures. To achieve that, the deterioration
and performance defects of structures need to be established. Rendered facades can be subject to
several types of deterioration. This requires establishing the existence, scope, location, degree,
impacts and future progress of deterioration in each case.
The large variation in the level of deterioration between different buildings, and the fact that
the most significant damage is not visible until it has progressed quite far, make a thorough
condition investigation necessary in most facade repair projects.
1 INTRODUCTION
Prestigious and durability are the attributes commonly associated with rendered facades. The
appearance requirements specified for the architectural design of buildings and facades of this
type are usually high. The original facade makes demands also for the final result of facade repair. For the selection of repair method appears primarily damages and technical condition of
the structure among the appearance requirements of facades.
Rendering was popular in the Finnish buildings facades until 1960s, when concrete structures
and pre-cast concrete facades replaced rendering in new buildings facade. A small stock of older
buildings with rendered facades consists mainly of churches, castles and other public buildings.
The best known rendered buildings in Finland are probably those around the Senate Square in
Helsinki including the Senate Building, Helsinki Cathedral and buildings of the University of
Helsinki.
Rendering has been popular again during last ten years. Especially in the repair of those precast concrete facades, which were made during 1960’s and –70’s. Also new buildings have now
been build with rendered facade, but the construction technique and materials are different than
old days. Insulating rendering is the main rendering system in these days in Finland.
Despite the young age of most of the building stock, some facades have had to be repaired after only 10 years' service life. Structures are damaged by various degradation phenomena whose
progress is influenced by many structural, exposure and material factors. Consequently, the service lives of different structures vary a lot in practice. In the Finnish climate, frost weathering is
the major deteriorating factor for porous materials.
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2 STRUCTURES AND MATERIALS
The substrates of old rendered facades are mainly of burnt brick and mortar. In new buildings
there is quite lot variation on substrates, materials and structures. The foundations of the buildings have varied by construction site. A common feature is a plinth of natural stone laid under
the bearing brickwork. An advantage of a high natural stone plinth is that it prevents capillary
transfer of moisture from the ground to the brickwork.
2.1 External wall structure
In old rendered buildings the mortar was applied onto solid masonry walls. Such external wall
structures were common in Finnish rendered buildings until the 1960’s. The thickness of the
walls has varied over time (Neuvonen et al. 2002).
In the beginning of the 19th century bricks were usually manufactured on or nearby the building site. The quality of bricks varied a lot because they were fired in temporary kilns (Lahti
1960). Many brick factories were founded in Finland in the middle of the 19th century. In 1900
there were still 173 small brick factories in Finland, and 85 % of the bricks were made manually
(Kuokkanen & Leiponen 1981).
At the turn of the century each factory produced bricks of non-standard sizes with the moulds
it had. An agreement on standard brick sizes was reached already in 1897, but standardised
brick production was not started until the 1920’s. Only those external walls that were faced with
natural stone or rendering were built of domestic brick. Imported bricks were used for fair-faced
external walls due to their higher quality. The dimensions and rates of firing of domestic bricks
varied significantly which directly affected their durability (Lahti 1960).
The properties of bricks made a hundred years ago depended mainly on two things: the quality of the clay used and the firing. The temperature was not uniform throughout the kiln but
fluctuated above and below 1,000 °C. The range in firing temperature, therefore, resulted in
over-burnt to under-burnt bricks. Over-burnt bricks are dark, almost black, durable and impermeable. Under-burnt bricks are typically light in colour, weak, highly porous and partly stratified.
From 1980’s in small houses rendered external wall structure has consisted on blocks of
autoclave aerated concrete (AAC) or breeze-blocks which has an insulation layer between two
breeze-block. This kind of wall structure is still quite popular in rendered small houses in
Finland.
In the beginning of this century insulation rendering has taken a big part of rendering market
in Finland. Traditionally (1980’s) insulation rendering has been made on mineral wool with
lime- or lime-cement mortars and the tree coat rendering has been fasten with mechanical anchor to buildings framework.
In new insulation rendering systems insulation is mineral wool or expanded polystyrene
(EPS), mortars are cement-based and usually polymer modificated mortars. And rendering is
fixed to insulation only with mortar; there is usually no mechanical anchor.
2.2 Foundations
Brick-buildings are brittle compared, for instance, to concrete ones and are easily damaged due
to uneven settling of foundations and frost heave. The heavy weight of masonry buildings and
their brittleness place demands on items such as, soil bearing capacity and type of foundation.
The type of foundation has naturally depended on the construction site and its soil composition. There have been three main foundation systems: rock-based, soil-based and pile-based.
Until the 1890's the typical foundation walls were made of dry set boulders (no mortar). At
the beginning of the 20th century mortar or sand was normally placed between the boulders
(Tawast 1993). The internal surface of the foundation, which formed the cellar wall, was generally lined with brick and later cast concrete. In the 1910's concrete foundation walls began to be
used. The foundations were wider at the bottom in order to distribute the loads over a larger
area. Bitumen or coal tar was used as waterproofing between the stacked boulders and the interior brickwork lining. Asphalt was used instead of mortar for tanking as well as in laying the
brickwork of the interior surface (Neuvonen et al. 2002).
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2.3 Mortars and rendering methods
Slaked lime has been used as an ingredient of mortar worldwide for thousands of years, and for
hundreds of years also in Finland. The skill of mortar making was brought to Finland around
1100 by Swedish, Central European and Eastern Baltic masters representing the Germanic
school. As late as the early 1900's Finnish builders used primarily pure lime mortars for masonry work and rendering – cement was added only occasionally (Perander et al. 1985).
In the 19th century most Finnish cement was imported, although the first cement factory already started operating in Savio in 1869 (Hurme et al. 1991).
The appearance, structure and colouring of rendered facades has varied quite extensively over
time according to architectural trends. In the 16th and 17th centuries rendering was used to imitate natural stone surfaces being a cheaper alternative. Sandstone was imitated by pale yellow
rendering, marble slabs by white rendering, and granite by grey rendering. A rendered surface
was easy to colour and had no joints which allowed drawing lines on it to imitate stone slabs.
Mortar was also used for mouldings. (Anon. 1999). The rendering jobs of old involved the application of three coats across the entire substrate.
Modern substrates like AAC or breeze-blocks demands different mortars for rendering than
those old bricks. That because the strength and the suction of substrates are very much different
than in burned bricks. In modern renderings there are used usually two coat renderings. It means
that we use two different mortars. Base mortar can be sprayed in two layers with one mortar and
surface also sprayed in two layers (Anon. 2005). Mortars are cement-based polymer modificated
mortars.
In insulation renderings mortars are developed especially for this use. Mortars should have
very good adhesion to insulation material and it must be still workable. Those mortars are usually cement-based but they include a lot of polymers.
3 LOADS AND DETERIORATION METHODS RELATED FOR RENDERED FACADES
The damage to rendered facades as structures age is mainly due to weathering. Deterioration
may be fast enough to be harmful if used materials or the quality of work have been poor or
structural solutions have been defective or perform unsatisfactorily. Weathering sets off several
parallel deterioration phenomena which means that usually more than one cause contributes to
the degradation of the facade. Initially deterioration phenomena proceed slowly, but as the damage increases the rate of deterioration also normally accelerates.
Deterioration of rendered facades can be divided into three basic categories:
- structure-induced deterioration of rendering
- deterioration of materials
- damage resulting from moisture.
3.1 Structure-induced deterioration
The damage caused by structures to rendered facades typically consists of cracks. Harmful
cracks in masonry are generally the result of uneven settling of foundations. A crack in the masonry substrate also always leads to cracking of the rendering layer. In brick walls the cracks
normally run along the interfaces between mortar and masonry units. A condition investigation
must be carried out to determine the causes of cracks and their movement. The cause can often
be determined from the direction and location of cracks. Repair of active cracks without first determining the cause will usually lead to renewed cracking.
Drying of structure and mortar leads to shrinkage. Shrinkage is characteristic value for each
material. In mortars a plastic shrinkage can be avoid by careful after-care, but characteristic
shrinkage happens when rendering dries during time. Both of these shrinkage mechanisms can
cause cracking on rendering. In most cases these cracks are quite narrow and they are usually
only aesthetical problems. I cases, when rendering will be coated with organic paints or coatings
which form an impermeable skin over the rendering, it might be very harmful.
Rainwater can penetrate into the rendering and the wall structure through cracks in facades
resulting in moisture and frost-weathering damage.
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3.2 Deterioration of materials
Frost weathering due to a high moisture load is the most common reason for the deterioration of
the rendering layer, especially with weak, old lime mortars. Rendering mortar is a porous material whose pore system may, depending on the conditions, hold varying amounts of water. As
the water in the pore system freezes, it expands about 9 % by volume which creates hydraulic
pressure in the system (Pigeon and Pleau 1995). If the level of water saturation of the system is
high, the overpressure cannot escape into air-filled pores and thus damages the internal structure
of the concrete resulting in its degradation.
Probably the most widely known frost damage theory is the hydraulic pressure theory by
Powers published in 1948. Accordingly, damage occurs as freezing water expands creating hydraulic pressure within the pore structure of a porous material. The pressure is created when part
of the water in a capillary pore freezes and expands forcing thereby the unfrozen water out of
the pore. The migration of water causes localised internal tensions in the material whereby its
strength may fail resulting in cracking (Powers and Brownyard 1949).
The cause of the rapid weathering is generally a damaged or non-performing structural detail
or a structure connected to the rendering surface. Frost weathering is manifested as reduction in
strength of the rendering, loss of adhesion, or crazing or chipping off of the surface. In Finnish
climatic conditions frost weathering is the most common cause of damage.
The degree of frost weathering may vary in different parts of the wall surface - depending
on, for instance, the load and variation in material properties - as well as thorough the thickness
of the rendering. Weathering due to high local moisture load may affect only a very limited
area. On the other hand, an improper surface treatment may result in deterioration across most
of the wall surface.
3.3 Defects in moisture performance
Rendered surfaces have traditionally been painted with inorganic lime paints. These coatings are
porous, allowing water and water vapour to pass through in both directions.
Organic paints form a uniform, almost impermeable skin over the rendering. In principle,
impermeable surface treatment prevents rainwater from penetrating into the rendering layer.
However, in practice water always migrates into the rendering layer through permeable points in
the coat of paint, structural cracks, etc. The wall structure cannot dry out fast enough as a result
of the impermeable coating which can lead to frost weathering. The deteriorating effect of organic facade has been widely recognised.
One function of flashings, eaves, etc. is to prevent rainwater from entering structures through
seams and joints and to allow them to dry to avoid any detrimental effects of moisture within.
The performance of seams and joints play a major role in the durability of the overall structure.
Moreover, the performance of flashings has a major impact on how dirty the rendering gets.
4 REPAIR ALTERNATIVES
Selection of suitable repair alternative for each case has several demands:
- the repair must be cost effective
- aesthetic requirements
- degree of different deterioration mechanisms
- service life requirements of repair
- requirements concerning the reliability of the repair.
The following repair methods are used based on the degree and extent of the deterioration:
- light coating repair
- patching and coating repair
- rendering removal and re-rendering
- repair of entire facade, for instance, with an insulating rendering.
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All the requirements of selection of repair method has not the same value. The repair methods
are selected primarily on the basis of the technical condition of the structure. The one that best
meets the architectural and financial criteria of the project is then selected from among those
that meet the technical requirements. In figure 1 it has been shown the principles of selection of
repair method.

Figure 1. Different factors which has influence on decision of repair method.

The technical condition of rendering and the service life which facade has left can be found by
systematic condition investigation. The information on the deterioration level of structures from
a condition investigation allows the selection of appropriate repair methods and an assessment
of related risks and the service life of the repair. Thus, the investigator must be highly knowledgeable about the repair methods for rendered facades and the demands on them.
5 PRINCIPLES OF CONDITION INVESTIGATION
The object of the condition investigations of facades is to produce information for building
owners and designers which can be used to evaluate the need for repair. They will also help select the most suitable repair methods.
The content of a condition investigation should be such as to allow reaching the set aims.
Usually the goal is to determine the repair needs and safety of structures. This requires establishing the damage to structures as well as their performance defects. For that, the existence, extent, location, degree, cause, impacts and future progress of damage must be determined (Anon.
2002).
The content of a condition investigation is determined by the type of structure and materials
used the climatic conditions and visible deterioration as well as the set goals. Thus, the investigator should be highly knowledgeable about the performance of structures and the deterioration
phenomena which affect both structures and materials.
6 SYSTEMATIC CONDITION INVESTIGATION
Investigation of the rendering itself is only a part of the condition investigation of facade rendering. The focuses are:
- the substrate and deterioration of the substrate
- type, strength and deterioration of rendering
- deformation, movements and cracking
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-

coatings
moisture behaviour
thermal performance
condition and attachment of ornaments
special issues, such as earlier repairs.

6.1 Substrate and its deterioration
The structural performance of the rendering substrate is determined during the condition investigation. Construction drawings are very helpful in determining structural performance. The materials of the substrate, their strength and attachments are also determined.
The substrate may have been damaged by, for instance, weathering and steel corrosion in addition to cracking. The condition investigation should determine the reason for, extent and degree of the deterioration. Moreover, renovation planning must also consider any possible impacts on bearing capacity, slenderness of the building structure and bending of beams from
deterioration or corrosion.
6.2 Type, strength and deterioration of rendering
Determination of the strength and adhesion of rendering is an essential part of the condition investigation. The investigation of facades involves assessment of the adhesion of rendering and
deterioration of different mortar layers, the degree of deterioration, and the extent and location
of various types of deterioration on the facades. Large, uniform areas of loose rendering influence the selection of the type of repair. Small, solid loosened areas can in some cases be left unrepaired.
The strength of the rendering layer is more significant when coated with organic substances.
Removal of the coatings requires higher strength of the rendered surface than cleaning and recoating of facades with permeable coatings.
The condition investigation should also determine the type, materials and thicknesses of rendering layers.
6.3 Deformation, movements and cracking
The cracks visible on facades have most often been caused by uneven settling of the building
foundations, loading of the building frame, or restraint actions or rendering deformations. The
condition investigation must determine the reason for cracking before the type of repair is selected.
The condition investigation must also determine the extent of cracking and its impact on the
selection of the type of repair and the useful life of the repairs.

Figure 2. This kind of cracks in facade is usually a sign for uneven settling of the building foundations.
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6.4 Coatings
The coatings of rendered facades can be divided roughly into two groups:
- organic paints and coatings which form an impermeable skin over the rendering
- inorganic paints and coatings which do not substantially alter the moisture performance
of the rendering surface.
The condition inspection determines the type and condition of the coating. As a rule, impermeable organic coatings should be removed during repairs. Certain organic coatings have contained, for instance, asbestos which means that the asbestos-content of the coating must be established.
6.5 Moisture behavior
Old rendered facades subjected to local moisture loads will deteriorate prematurely. The moisture load on facades and their various sections are assessed in the condition investigation.
The moisture behaviour of a facade is affected by, for instance, eaves, effectiveness of
rainwater drainage, joints with various structural elements, and the condition of flashings. The
condition investigation evaluates the visible impacts of defects in moisture performance.
Defects in moisture performance are the most important factor causing local deterioration of
rendering.
6.6 Thermal performance
The thermal performance of an external wall structure generally needs to be assessed in buildings made of thin LECA blocks or aerated concrete masonry units. It is possible to improve the
energy performance of the building by, for instance, applying an insulating rendering should the
existing rendering be in bad enough condition to require re-rendering to the substrate.
Old buildings with solid brick walls do not meet today's thermal insulation standards. Yet,
they are not generally required to have additional insulation installed because of architectural
considerations.
A condition investigation of insulating renderings should determine it’s the type, moisture
content, the attachment method and the quality of the bond to the substrate.
6.7 Condition and attachment of possible ornaments
Sometimes a rendered facade is adorned with numerous plaster ornaments. The bonding reliability of plaster ornaments is determined during the condition investigation. Small and flat decorations usually adhere to the plaster with the help of plaster mortar. Large ornaments which protrude from the facade are mechanically fastened by, for instance, wrought iron nails and laths.
The condition investigation of plaster ornamentation should generally be conducted by an
expert. Actual breakage of an ornament can easily be noticed during a general condition investigation.
6.8 Special issues including earlier repairs
Areas of earlier patch repairs of rendering are often distinguishable from the rest of the facade.
Different mortars have often been used for the repair. The condition investigation should determine deterioration and adhesion to the substrate of the patching.
The timing of rendering repairs must also take into account the repair of adjoining building
elements. Repairs that affect rendering repairs include window replacement and repair of balconies and eaves.
The condition investigation of a rendered facade should also evaluate the need for repair of
adjoining structures – at least visually.
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7 SAMPLE SIZE AFFECTS RELIABILITY
The condition investigation of an old structure always involves a degree of uncertainty, because
it is not usually possible to investigate all facades and all structures. The information describing
the condition of structures is collected as samples and the condition and properties of structures
vary in different sections of the facade. Systematic condition investigation attempts to collect
parallel information from as many sources as possible. This makes the evaluation of results easier and increases the reliability of conclusions.
Information on the potential problems occurring in structures and the state and progress of
deterioration can be collected, for example, from the building's design documents, through visual observations on site, by various field research methods and by sampling and laboratory tests.
The deterioration mechanisms of rendered facades are generally such that a sufficiently reliable view of the condition of the facade can generally be formed by careful visual inspection
and simple field research methods. Measurements requiring special equipment and laboratory
testing of material samples are mainly needed in special cases.
8 CONCLUSIONS
The repair methods are selected primarily on the basis of the technical condition of the structure.
The information on the deterioration level of structures from a condition investigation allows
the selection of appropriate repair methods and an assessment of related risks and the service
life of the repair. Thus, the investigator must be highly knowledgeable about the repair methods
for rendered facades and the demands on them.
The large variation in the level of deterioration between different buildings, and the fact that
the most significant damage is not visible until it has progressed quite far, make a thorough
condition investigation necessary in most facade repair projects.
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ABSTRACT:
This paper gives a short introduction and attempts to give guidelines on how to perform a life
Cycle Analysis (LCA) of a Building. Because a building is a complex system with many subsystems with building elements out of different materials, each fulfilling different functions the
LCA of a building can become extremely complex. Because of the interacting subsystems with
different service lives the service life of a building as a whole is difficult to predict. The assumed service lives however are of major influence in the outcome of the analysis. A proposal
to work with different service life categories is discussed.

1 INTRODUCTION
1.1 Scope
These guidelines are intended to give a short overview on the methods and the frameworks for
the application of Life Cycle Analysis (LCA) of buildings with the emphasis on sustainability
assessment. It should be mentioned that sustainability is much more than just the environmental
impact. People, Planet, Profit means that apart from environmental issues, also social and economical issues are involved. In this paper the focus is on environmental impact however. The
main goals of a LCA are a systematic evaluation of environmental consequences and impacts of
the whole lifecycle of buildings. The aim is to make it possible to quantify and compare its environmental effects and impacts.
1.2 Buildings
A building is not an easily defined product with a simple one-dimensional use that can easily be
expressed in single functional unit. It is rather a complicated system of products with complex
functions for a multitude of users. Moreover the different building elements are likely to have
different product life cycles. This makes the resulting working life of the building hard to predict. Because LCA is a holistic approach, this compilation of influences can make the performing of an LCA of a building very complex. Another rather uncertain aspect is the use, reuse and
maintenance of the building and its elements during its service-life, for example with regard to
the energy consumption. The actual behavior of the users with regard to cooling, heating and
ventilation can cause for a very different energy-consumption compared to the calculated energy-use.
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2 BASIC APPROACH AND GUIDLINES
2.1 Short overview
In general LCA is a technique to asses the environmental aspects and potential impacts associated with a product, process or service. The basic framework and the general methodology are
defined in the ISO 14000 series standards (ISO 2006). It should be said however, LCA is standardized but there are still many questions and discussion on several issues. In particular the application and practical solutions to many problems, for example the use and re-use of materials
and elements are still being developed and researched. Without being complete a short overview
of the methodology is given:
• Inventory Analysis:
For an LCA an inventory of all the relevant energy and material inputs as well as the environmental releases need to be compiled.
• Impact assessment:
The (relevant) potential environmental impacts associated with these inputs and releases need to
be evaluated.
• Interpretation:
Finally the results of the inventory analysis and the impact assessment should be evaluated and
followed by an interpretation and regard the (un-)certainties and conclusions.
The first and perhaps most important part however is the goal and scope definition.
• Goal and scope definition:
The product, process or activity should be clearly defined and described and the boundaries of
the system and the environmental effects should be defined. A most suitable functional unit
should be chosen.
As mentioned before a functional unit is not easily defined for buildings which can perform a
multitude of different functions for different users. For housing the functions, providing shelter
to the habitants for sleeping, eating, washing, studying etc, the functional unit (for example a
house, dwelling, or a “standardized” family configuration), may be different from office buildings: perhaps net usable m2 or occupant, and will also be different for, health care buildings,
(perhaps bed) or for example, sports facilities. When the LCA results will be used to compare
results of other studies it is important to take note of which functional unit was used in these
other studies.
This goal and scope definition is determining the necessity to look at some effects with a very
high accurateness and on the other hand the possibility to disregard other less important effects.
For the comparison of energy-use of two different building solutions it might for example well
be possible to disregard other effects but to review at least the CO2 releases in great detail. The
question of which approach to choose is also very much depending on the need for acceptance
of the outcome by the parties involved. If the outcome of an LCA is meant to be published and
accepted by the building industry, it will be important to use a model which strictly follows the
LCA methodology, most likely performed by using a general accepted LCA tool and using verifiable data. If the data is used for a comparison of different design solutions, only intended for
internal use, a more adapted model can be used in which environmental effects are more aggregated which make the comparison easier, however scientifically more controversial.
2.2 LCA Tools
Because of the large amounts of data to be handled and the work involved it is not useful to start
the LCA method from scratch but to use existing tools and databases. Large amounts of data on
materials and process are gathered in existing databases. For an overview of these is referred to
[Silva & al. 2007 ]. The quality of the required data is of great importance. An example of a database for the European area with information about the data quality available is the Swiss
ECO-invent database. Depending on the goals and the way the tools can model, different solutions are available. Simapro but also Gabi are tools in which any product, process or service can
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be modeled and a LCA calculation can be performed, they both can use (amongst other databases) the Eco-invent database. These tools are not specifically developed for the building industry but are very good for more academic approaches and analysis. They can be called pure
LCA-tools. For the building sector a number of products are still being developed, maybe focusing on new buildings or existing buildings or renovation projects. These are assessment models
or design supporting tools. An example of a more design oriented supporting tool is GreenCalc,
examples of assessment tools from the U.K. are Breeam and Envest, and American examples are
Leed and Bees.
2.3 Modeling
LCA is a holistic approach but of course it involves modeling and thus simplifying. It is not useful to model “the whole world” but to choose a way of modeling which is suitable for the purpose and which fits the goals and scope of the LCA. To “cleverly simplify where possible” is
perhaps the key to a successful project. The details of the model, whether to include or exclude
certain effects, should of course be carefully documented and evaluated through sensitivity
analyses in the interpretation phase (Goedkoop & al, 2006)
2.4 Simplified approach
The best thing to start with is the development of a block- and flow diagram. Starting from very
rough, gradually developing to very detailed. The building as a complicated system and accumulation of building elements as well as processes can be broken down into separate building
elements (systems) each with its own material characteristics and separate processes as well as
separate life cycle phases. These systems, building elements, for example a floor or a façade
system in its turn can be broken down into subsystems, to the level of materials and processes.
The amount of materials, for example the thermal insulation material Polystyrene, can then be
calculated. From the required Heath resistance, the Rc and the density etc the functional unit
could be determined as kg mass.
2.5 Life phases
For buildings the most important phases are of course the manufacturing, transport and construction phase, the operational phase, and the demolition and waste phase. The different phases
each have heir own characteristics. Manufacturing with Construction and Demolition are each
relatively short periods in which the impact of the energy and materials is nearly totally independent of the time involved. The Operation of the building however is directly time related.
The longer the use and service life of the building, the more energy is used and the higher the
impact related to maintenance. This means that also the total impact of the building, Construction, Demolition plus Operation is very much service life related. The influence of the service
life will be dealt with later.
2.6 Data collection
Often a problem with the data collection can occur, data on some of the processes or materials
may not be available. Depending on the importance of the missing data this information can be
obtained or replaced by information obtained from literature, industry other sources. Increase in
the complexity of the flow diagram, breaking down systems into more and more subsystems, of
course means that a greater accuracy of the results can be achieved. But it also means more difficulty in collecting the data and more time analyzing all the different processes. Each subsystem requires inputs of materials and energy, transportation, has outputs of products, emissions,
wastes and perhaps co-products: outputs with value. Allocation on how to deal with these coproducts, market-price or otherwise should be considered. So it can easily be seen that the more
detail we obtain the more problems we may run into. Again these choices of system boundaries
will have to be made depending on the goal and scope of the LCA study.
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2.7 Impact assessment methods
After the inventory an impact assessment method should be chosen. Different impact assessment methods, often incorporated in the software tools, are available. Different methods can use
different impact categories. Attention should be paid that the right impact categories in relation
to the project are available. For example the impact category noise might not be included, but
this may be important for the assessment of bridge decks. Eco indicator 99 is an example of an
impact assessment method. The Inventory of all processes and materials with LCI results with
many different emissions are classified in impact categories for example Acidification (a Midpoint category). The influence of the different materials to an impact category is expressed and
multiplied by a so called characterization factor.Some methods can weigh and add the relatively
midpoint results and thus come to for example three endpoint categories: Human Health, Eco
system and Resources. Weighing is controversial and depends sometimes a lot on which point
of view is taken. An example of a method to overcome these problems is working with so-called
expert panels.
2.8 Interpretation
The results should naturally be analyzed and checked. Possible conclusions must be drawn and
must be tested and verified. Do the used data and methods actually support these conclusions?
What are the uncertainties in the data and the model? A possible approach used in Simapro is to
calculate the square geometric standard deviation for the 95% confidence interval. A sensitivity
analysis is recommended to test the influence of the most important assumptions. Do changes in
these assumptions mean that the drawn conclusions are no longer supported?
2.9 Social and Economic issues
There are many different initiatives and research activities focusing on incorporating the two
other main pillars of global Life Cycle Analysis: the social and economic impacts. For example,
the LEnSE project, an European research project for the development of a methodology for the
assessment of the sustainability of buildings, uses four social categories: Occupant Well being,
Accessibility, Security and Social and cultural value. For economic issues the following categories are used: Financing and management, Whole life value and so-called externalities. (LenSE,2008) The discussion of the issues is beyond the scope of this paper. It can be said however
that approaches on some economic issues, but certainly on many social issues are still far from
reaching consensus.
3 SERVICE LIFE OF A BUILDING
3.1 Service Life
The estimation of the service life through one or more life scenarios is very influential on the
outcome of the results of a LCA. This influence can be seen at the level of materials, but also at
the level of the building as a whole. The service life for polystyrene insulation can easily be 75
year or longer, but when assembled in a façade system the service life of this system could well
be reduced to for example 25 years. When applied in insulated steel panels, perhaps the corrosion of the steel could determine the end of life, or the fading of the paint on the steel panels
may ask for replacement of the panels…. This means that the effects of the use of polystyrene
would in this case increase with a factor three!

3.2 Service life scenario
The service life of a building as a whole is not easy to define, and even harder to predict. For
this reason life cycle scenarios should be adopted. Because a building is built up out of many
different parts, different materials in different combinations it means that a building is rather a
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combination of different subsystems with different service lives. These different service lives
are interdependent and influence each other.
3.3 Building Model
To bring more clarity in the definition of the subsystems of buildings, different ways of classification have been proposed by Duffy, Brand and Leupen (Leupen 2002) amongst others. The
way these different sub systems, or building layers, are interconnected and how they are interacting with each other largely defines the possibilities for changes or replacement of building
layers (Durmisevic, 2006)(Blok, 2006). If for example a building layer skin, or façade, has a
functional service life of 30 years and can not be replaced because it is also part of the main
bearing structure, it means that this layer is limiting the whole service life of the building to 30
years, despite the fact that other parts of the structure perhaps have a technical service life of 75
years. In order to obtain longer service lives of buildings, it becomes more important to incorporate into the building, a degree of flexibility and adaptability also called transformation capacity.
This way it becomes possible to change, adapt building layers without the need to interfere with
other building layers. The service lives of the different building components become more and
more independent from each other, because of this replacability. Durmisevic recognized the importance of transformable building structures and the need for design for disassembly(Durmisevic, 2006).

3.4 Building construction with a low environmental impact.
Although green building becomes more and more popular and green certificates can be a bonus
for the market value of a property, leaving sustainable building to the market might not lead to
satisfying widespread results in the near future. Like with the emission of cars, it is probably
needed to set targets and implement these targets through legislation. It is still a problem however how to define these targets objectively. A fairly objective way could be to define one or
more maximum impact figures (for example per impact category) as the limit or maximum annual impact per net m2 of building together with an accepted calculation method.
In short it would mean that
(∑ I)/L ≤ R
Where ∑ I = the total impact over the whole service life of the building (per unit (m2)); L =
Service life of the building according to a Life scenario; R = maximum allowable impact of the
building (per m2)
The total impact ∑ I is the sum of the impact related to all the needed materials and processes
involved with the construction of the building (Mi) the materials and processes related to the
demolishing of the building (Di) and the materials energy and processes related to the operation
of the building.
((M i + D i )+ O i ) / (L) < R
Where M i = Initial impact of the building related to the materials and energy used in the construction of the building; D i = Impact related to the demolition of the building; O i = Operational
impact over the whole service life of the building including energy and maintenance; L = Service Life of the building according to a Life scenario; R = allowable maximum or target maximum of the annual environmental impact
M i and D i are (almost) independent of the service life L. The longer the service life is, the lower
the annual impact of this contribution.On the other hand, O i , the total impacts related to the operation, (for example the used energy and the impact caused by maintenance) are directly related to the length of the Service life. Figure shows the relation between M i +D i , O i and L.
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Fig. 1 Three main categories of service life scenarios

3.5 Three categories of life cycle scenarios
In figure 1, the total annual environmental impact depending as the sum of the operational impact (assumed constant over the service life of a building) and the initial impact (mostly materials in relation to construction and demolition) in relation to the building service life is shown.
Three main different categories of service life scenarios each with different characteristics can
be distinguished.
3.5.1 Category I) Buildings with a short to very short service life
The energy use during operation of these buildings will be relatively less influential and of less
importance to the annual environmental impact. This means that the requirements for thermal
performance and energy use could be lower. By insulating too much for these buildings, it
might well be that the negative impact of the insulating materials is higher than the positive effect of saving energy. For these buildings the focus should be more on limiting the initial material impact. The requirements for design for disassembly should be high, thus ensuring a low
impact by the demolishing or rather dismantling of the building. The requirements for transformation and flexibility, (the possibility to change, adapt or replace certain building elements or
building layers without interfering with others) can remain relatively low. Because of the
shorter foreseen service life not many changes are foreseen.
3.5.2 Category II) Buildings with a medium service life
Both the operation of the buildings as well as the initial materials is influencing and determining
the annual environmental impact to a great extend. This means that high requirements for the
thermal performance and energy use are needed. Also the initial material impact needs to be
kept as low as possible. This means that design for disassembly is needed. Elements with a
shorter service life than 50 years should be easily replaceable. Medium requirements for transformation and flexibility are needed, to ensure that the medium service life is realistic and can
be realized. Not enough transformation capacity or flexibility might cause an unforeseen early
end of life because functional requirements for example are no longer met.
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3.5.3 Category III) Buildings with a very long service life
The operational impact during the service life is largely determining the total impact. This
means that very high requirements for the thermal performance and energy use during operation
are needed. Very high requirements on transformation and flexibility, ensuring the possibility to
adapt or change the functional use are needed and to ensure low impacts caused by maintenance. The possibility to adapt, replace or change certain building elements or building layers
with a shorter Service life than 75 years is needed. The requirements on initial material impact
by construction and by demolishing or dismantling can be lower than category II, because of the
longer foreseen Service life.
In this light high rise buildings, should have a sufficient level of flexibility, to fall in Service life
scenario III, because these buildings are not very likely to be demolished within a short period
of time. If not sufficient measures are taken they should be placed in scenario II. This means
that due to a shorter foreseen service life it will be harder to fulfill the maximum impact requirements. One of the problems however is that flexibility is still not easy to quantify.
3.6 Five Live cycle categories
In stead of three service life categories the European Organization for Technical Approvals
(EOTA) published assumed design service lives and working lives of works and construction
using the following five categories in table 1 (EOTA 1999 in CIB W080).
Table 1..

Service life categories for buildings

Category
Temporary

Design service life
for building
Up to 10 years

Short life
Medium life

10 to 24 years
25 to 49 years

Long Life

50 to 99 years

Permanent

Minimum 100 years

Examples
Non-permanent construction buildings, sales offices,
bunkhouses
Temporary exhibition buildings
Temporary classrooms
Most industrial buildings
Most parking structures
Most residential, commercial and office buildings
Health and educational buildings
Parking structures below buildings designed for long life
category
Monumental buildings, national museums and galleries,
archives
Heritage buildings

The CIB report 294, Performance Based Methods for Service Life Prediction also shows these
tables and gives general requirements for service life prediction methods.
The following table 2, was adapted for the different categories from the original table as published by the EOTA. The Assumed working lives could be taken as the scenario service life L in
the LCA calculation.
Table 2.

Proposed Service life for buildings for Life Cycle Analysis with required level of flexibility

Category
Temporary
Short Life
Medium Life
Long (normal) Life
Very Long Life

Assumed working life (to be
used as service life in LCA)
1
10
25
50
100

Required level of flexibility, transformation capacity
Low
Medium
High

.
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It is important that the service lives taken for the LCA calculations are based on as realistic estimates as possible. Can the assumed working life actually be reached? Experience with many
buildings built in the seventies and eighties show different. Many were demolished long before
the expected end of life. The technical service life was not reached due to a very short functional
working life. This means that measures on the level of flexibility and transformation capacity
need to be taken to ensure a sufficiently long functional working life. If the building does not
have a sufficient level of flexibility the lower category of service life should be taken. Take for
example an office building, with a (normal) long life, with an assumed working life of 50 years.
If this building does not have sufficient flexibility to change the space plan and to adapt the lay
out of the plan, to accommodate changes in future use, this building should use the value of 25
years from the category Medium for the LCA calculation. The matter of how to define the levels
of flexibility is not described in this paper and is still subject to further investigation. A first
start to come to quantification of flexibility has been proposed (Blok & al.2006).

4 CONCLUDING REMARKS.
Life Cycle Analysis is much broader than the analysis of environmental impact. For analyzing
the environmental impact with the help of LCA tools and databases a short description has been
given. For all analysis however, also the economic (LCC) and the social analysis, the assumed
service lives of building elements and of course the building as a whole is of major influence.
The service life of a building can not be predicted, but with life scenarios and service life categories we can improve the reliability of the analysis. The proposed service life categories together with proposed levels of flexibility can give a first indication on how to deal with this
problem.
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Virtual Office in Greece: a first approach to sustainability issues
C. Giarma, D Bikas & K. Kontoleon
Aristotle University of Thessaloniki, Thessaloniki, Greece

ABSTRACT: In this paper, a series of parametrical environmental performance assessments for
the Virtual office case study are performed. Based on a standard geometry, considering a concrete bearing structure and employing some assumptions, a first version of Virtual Office case
study is designed. The variables of the parametrical study are a) the area of fenestration as a
percentage of gross floor area and b) the site where the building is constructed. The tool used
for the assessments is GBTool (version 2002). Additionally, a calculation of building materials’
embodied energy for the “concrete bearing structure” version of Virtual Office based on widely
used databases and on the preliminary design of the building is presented.The results are discussed and conclusions are drawn.
1 INTRODUCTION
A building is not only the ensemble of the materials of which it is constructed. The building materials are combined to form the building components and assemblies. Each type of building
components is subjected to different types and levels of loadings- static, dynamic or environmental. The building materials and elements, with different characteristics, different life durations, attacked by different aggressive agents and fulfilling varying performance demands are all
integrated into a whole, forming the functional system of an adequately performing building.
Furthermore, a building interacts with its surroundings. A building’s construction, operation or
demolition on a site might have effects of different kind on the site itself (increase or decrease
of the site’s ecological value, etc.). The site on the other hand affects in a determinative way
several decisions of great importance regarding the design and construction of the building. The
adjacent buildings also interfere with the building’s design and operation (reduction of daylighting in the primary occupancy spaces, restrictions for the building’s dimensions, etc.). Another
aspect of a building’s function is related to its occupancy. The demands deriving from the occupants’ needs and activities can only be met when certain levels of performance are assured by
the components and the systems the building embodies. It is therefore evident that the adaptation of sustainability principles and the implementation of environmentally friendly measures
and techniques extend beyond the application of measures dictated by simulations of the building’s environmental performance or calculations of the building’s materials and mechanical systems’ embodied energy. A holistic approach, taking into account several other aspects of sustainability, is needed, at least at the first stages of design, when decisions of a general level must
be made.
Based on the above, the authors decided to conduct environmental performance assessments
of Virtual Office case study using a methodology that assesses several issues of performance,
providing this way a thorough evaluation of the building’s environmental profile. In the context
of Virtual Office case study, some decisions regarding mainly the geometry of the building have
already been made during the previous meetings, forming the general outline of the buildings to
be studied. Using the above mentioned geometry, on the basis that the greek team has under-
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taken the study of a “concrete bearing structure” version of Virtual Office (this kind of construction is representative of the current practice in Greece due to the requirements deriving from the
structures’ ductility demands in Greece) and employing some assumptions and simplifications
dictated or permitted by the regulations and the current practice for office buildings in Greece,
the authors designed a preliminary version of the Virtual Office (rather crude but not unrealistic
approximation). A series of parametrical assessments of the building’s environmental performance were conducted with the variables being a) the area of fenestration as a percentage of gross
floor area and b) the site where the building is constructed. The tool used for the assessments is
GBTool (version 2002). The results of this series of studies lead to observations and conclusions
that facilitate the process of making some decisions that should be made at a preliminary stage
of design.
Additionally, a calculation of building materials’ embodied energy for the “concrete bearing
structure” version of Virtual Office based on SIA, BRE-1 and Ecobilan databases and on the
preliminary design of the building is presented. The aim of this calculation is the drawing of a
first estimation about the loadings resulting from the materials used for the construction of the
building.
2 VIRTUAL OFFICE’S ENVIRONMENTAL PERFORMANCE ASSESSMENT
2.1 Software used
GBTool is the software implementation of Green Building Challenge (GBC) method for the assessment of the environmental performance of buildings. Initially launched by Natural Resources Canada and, since 2002, on the responsibility of iiSBE (international initiative for a
Sustainable Built Environment), GBC method is constantly developing with the participation of
currently more than 15 countries. It is designed to assess a broad range of a building’s environmental profile’s aspects. New versions of GBTool- the excel spreadsheet used for the application of GBC method- are constantly proposed and designed. They are all of course based on the
basic principles of GBC method. The distinguishing feature of GBC method is its flexibility that
renders it adaptable to several types of building occupancy and to the priorities and special conditions of each region or country.
For the assessments conducted in the context of this paper, GBTool 2002 was used. GBTool
2002 allows users to weight and aggregate building performance on a broad range of performance issues, including Resource Consumption, Environmental Loadings, Indoor Environmental
Quality, Quality of Service, Economics, Pre-operation Management and Commuting Transport
(not operational) (Cole & Larsson 2002). Figure 1 shows the structure of the tool.
Data regarding building regulations or
current state of the art practices for the
building type under study and the region
under discussion

Data regarding the design and construction
of the building under study
Comparison

Scores for Performance Criteria and Performance Sub-criteria either automatically by the program or
manually by the team or person conducting the assessment
Weighting
Scores for Performance Categories
Weighting
Scores for Performance Issues

Weighting
Overall Performance Score

Figure 1. Schematic illustration of GBTool 2002 structure
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Two major groups of data are required. The first one includes information regarding the applied building regulations or the common practices for the type of building assessed and for the
region this building will be, is or has been constructed. The second group of data includes information about the characteristics of the building and its surroundings (architectural features,
materials, occupancy, mechanical systems, energy and water consumption, use of renewable energy sources etc). The first group of data is regarded as benchmarks and they are used in order
to form the scoring scale, the basis for the assessment of the building’s performance. The second group of data is used in order to assign scores to over 100 performance criteria and subcriteria for the building under study- on the basis of the scoring scale formed by the benchmarks- either automatically by the program through mathematical equations, or manually by the
person/group undertaking the assessment. For the assessment scores of the various criteria and
sub-criteria to be reduced to a manageable number, output profiles are derived through the
weighting of the scores at the lower levels. The weighting of the performance criteria lead to the
assignment of scores to the performance categories. The performance categories’ scores are
added (their relative weights are taken into account) and the scores for the 5 performance issues
referred to previously are calculated., resulting in the performance issues indicated above. Finally, the overall building score is derived by the weighted scores of the performance issues.
Table 1 shows the scores that correspond to various performance levels in the scoring scale of
GBTool 2002.
Table 1. Scoring scale in GBTool 2002.
Score Performance levels
s
unsatisfactory performance.
-2
the minimum acceptable performance for the relevant occupancies within the region, de0
termined by the existing regulations or common practices of the region.
1-4
good performance
the highest achievable performance. This performance can be accomplished on the basis of
5
advanced technologies, though without taking into account costs.

GBTool 2002 was used in a series of studies for building offices in Greece (Giarma &
Koimtsidou 2002, Giarma et al. 2003, Giarma & Bikas 2005, Tsikaloudaki & Giarma 2005,
Safouri et al., Bikas et al. 2005).
2.2 Analysis of the buildings’ environmental performance
2.2.1 The base case building- features and assumptions
It has already been mentioned that the assessment of CBTool 2002 is based on a set of data regarding building regulations and common current practices. This set of data forms a “base case”
building in relation to which the performance of the other buildings in the region and of the
same type is assessed. The base case building in this series of assessments was designed according to the geometry decided during the last meetings, to the regulations applied for concrete
structures in Greece and to some assumptions employed regarding various aspects of the design.
The building is assumed to have a life duration of 75 years and is designed to be constructed
on a site where there is not any existing structure (issues related to demolition, reuse of an existing structure or materials already used for the previously existing building are not addressed in
the context of the current study). The site is located in a city of northern Greece. The gross floor
area of the building is 600m2 (15*40m2). There is no basement. The building is a 4 storey building with a gross height of 3.5 per floor. The bearing structure of the building is made of concrete. The fenestration area is the 25% of floor gross area (150m2/ floor). The openings are distributed to the exterior walls proportionally to their total, area. The fenestration area for the
exterior walls of area 40*3,5m2 is 55 m2 per floor, while for the walls of area 15*3,5m2, it is 20
m2 per floor. The structural floors are made of concrete and their thickness is 20cm (the floor on
the ground has a thickness of 15 cm). A total of 14 primary working spaces (5*6m2) is designed
for every floor, while the rest of the space is used for support functions (toilets, corridors, stairs,
elevators, storage spaces, etc.).
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A basic assumption employed during the study is related to the building’s site. The site is located in the urban core and the mixture of occupancy type in the neighborhood is assumed to be
characterized by the fact that over 50% of the existing buildings are used for at least two occupancies. The site area is 1200 m2. The building’s footprint on the site is 600 m2. The remaining
600 m2 are partly planted (25%) and partly hard-paved (75%). In the context of simulating the
current practice in Greece, an effort was made to include the consideration of urban context in
the assessment. This was achieved through the consideration of the interference of the building
with the adjacent ones (Tsikaloudaki & Giarma 2005). This is expressed in GBTool 2002 by the
potential of the building to interfere with access of the adjacent property to sunlight φ and the
visible angle of sky at window α, as shown in Figure 2.

Office
Building

14m

Adjacent
Building

α

H
90-α

1.5m

Figure 2. Schematic illustration of angles φ and α

φ

S

These two angles are interconnected by the equations:

tan ϕ = 14 S

(1)

tan (90 − α ) = (H − 1.5) S

(2)

The values of φ are predefined in GBTool 2002. For the base case building the assumption was
that the adjacent building is of the same height (14m) and that φ=30˚ (it was considered typical).
These assumptions led to a value of around 24m for S and 60˚ for α.
2.2.2 Parametric study: the models
The parametric study was aiming at the comparative analysis of environmental profiles of buildings when two parameters changed. The variables were the site and the total area of fenestration.
Apart from the site already described in the previous section, another, bigger site was considered as the alternative. A smaller than the one assumed for the base case site would not be representative of the current practice in Greece. The characteristics of these two sites finally taken
into account are summarized in Table 2.
As far as the total area of fenestration is concerned, it was decided that the area of 25% of
gross floor are per floor would be the minimum one. Another case is considered, with the fenestration area being 40% of gross floor are per floor, which is the maximum possible area for the
geometry considered. A total of 4 cases are examined with Case 1 being the reference building.
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These cases are shown in Table 3. For each of these cases, GBTool 2002 was used to assess
their environmental performance. The results are presented in the next section.
Table 2. Characteristics of the two sites assumed
Sites
Gross site area (m2)
Building footprint at grade (m2)
Site area hard-paved, non-permeable(m2)
Site area hard-paved, permeable (m2)
Site area landscaped with species not requiring watering (m2)
Site area landscaped with species requiring watering (m2)

I
1200
600
450
0
105
45

Interference with adjacent buildings

II
2000
600
750
0
175
75
unobstructed
site

φ=30˚,α=60˚

Table 3. Models assessed in the parametric study

Models/
Cases

Fenestration area per floor
as a percentage of
gross floor area

Site

%
25
25
40
40

I
II
I
II

Case 1
Case 2
Case 3
Case 4

2.3 Parametric study: the results
Due to the fact that, at this stage, there are not any data regarding the operation of the building,
the performance criteria, categories and issues regarding the stages of the building’s life duration extending beyond its construction are not addressed. The performance issues, categories
and criteria, as well as the criterias’ relative weights are summarized in Table 4.
The results of the analyses are illustrated in Figures 3-5.
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Figure 3. Results of the parametric study: for the Resource Consumption Performance Issue
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Figure 4. Results of the parametric study: for the Environmental Loadings Performance Issue
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Figure 5. Results of the parametric study: for the Indoor Environmental Quality Issue
Table 4. Performance Criteria, Categories and Issues assessed in the context of the parametric study
Performance
Performance
Performance
Criteria
Issues
Categories
Criteria
Weights
Primary energy embodied in
Net life-cycle use
100%
materials,annualized over life-cycle
of primary enNet primary non-renewable energy used
ergy
0%
for building ops over the life-cycle
Net area of land used for building and
33%
related development purposes
Use of land and
Change in ecological value of the site
67%
change
Resource
in quality of land
Change in agricultural value of the site
0%
Consumption
Change in recreational value of the site
0%
Use of salvaged materials from off-site
33%
sources
Amount and
quality of
Recycled content of materials from
33%
off-site materials
off-site sources
use
Use of wood products that are
33%
certified or equivalent
Emission of
Embodied emissions of materials, annu100%
GHGs from buildalized over the life-cycle
ing production and
GHG emissions from all energy used
0%
operation
for building operations over the life-cycle
Thermal emissions to lake water or subEnvironmental
0%
surface aquifers
Loadings
Environmental
Reflectance of horizontal building
100%
impacts on site and
surfaces and hard-surfaced site areas
adjacent properties
Impact of construction process or landscaping on soil erosion within or
0%
adjacent to site
Provision of daylighting in primary
67%
areas of all occupancies
Indoor
Daylighting and
Potential glare in primary areas of all
Environmental
33%
Illumination
occupancies
Quality
Ambient illumination levels in primary
0%
areas of non-residential occupancies

3 PRELIMINARY CALCULATION OF THE BUILDINGS’ EMBODIED ENERGY
In this section, a calculation of the buildings’ embodied energy, based on the cross sections
adopted for the basic building components, on the quantities of materials derived from the de-
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sign and on SIA, BRE-1 and Ecobilan databases is presented. It should be noted that circles of
replacement are not taken into account. The cross sections of basic building components as well
as the embodied energies calculated for each of them are presented in Table 5. The results of the
calculation are presented in Table 6.
Table 5. Building components-embodied energy calculations
Element cross section
Layers (m)
TYPICAL FLAT ROOF

PAVERS

0,040

MORTAR

0,020

P.V.C MEMBRANE

0,003

LIGHT CONCRETE

0,100

EXTR. POLYSTERENE

0,050

P.V.C BARRIER

0,003

REINFORCED CONCRETE

EXTERNAL WALL

Embodied energy (MJ/m2)

1409,75

0,200

PLASTER

0,020

PLASTER

0,020

BRICKWORK

0,090

EXTR. POLYSTERENE

0,050

BRICKWORK

0,090

PLASTER

0,020

PLASTER

0,020

891,15

EXTERNAL STRUCTURAL
ELEMENT

REINFORCED CONCRETE
EXTR. POLYSTERENE
PLASTER

GROUND FLOOR

0,020

MORTAR

0,020

P.V.C BARRIER

0.003

EXTR. POLYSTERENE

0,050

MORTAR
REINFORCED CONCRETE

0.020

REINFORCED CONCRETE
PLASTER

INTERNAL BRICKWORK

0,150

0.003

PLASTER

PLASTER

1282,85

0,003

MORTAR / GLUE
PLASTER

910,65

0,020

PLYWOOD FLOOR DECK
REINFORCED CONCRETE

INTERNAL STR. ELEMENT

0,050
0,020

CERAMIC TILES

P.V.C MEMBRANE

TIMBER FLOOR

0,250

0.200

506,00

0.020

0,020
0,250
0,020

768,30

0,020

BRICKWORK

0,090

PLASTER

0,020

424,80
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Table 6. Total embodied energy (replacements not taken into account)
Building
Embodied Energy
Elements
(MJ)
FLOORS
1.875.810
ROOF
845.850
EΧΤ. WALLS
690.435
INT. WALLS
640.818
WINDOW ASSEMBLIES
1.620.400
TOTAL
5.673.313

4 DISCUSSION AND CONCLUSIONS
The results of the parametric study presented in section 3 of this paper lead to interesting conclusions. The increase of the total area of the aluminum window assemblies used resulted in a
noticeably lower score for the Performance Categories of Energy and GHG (Greenhouse
Gases). This is due to the fact that the window assemblies are characterized by an increased
amount of embodied energy in comparison to the other elements of the building envelope (the
figures in Table 6 also certify this observation). This result was anyway expected since the glazings and the aluminum frames are well known to be characterized by high embodied energy
relatively to other building materials. The Greenhouse Gases emission is connected to the embodied energy of the building. Consequently, the result for the corresponding category is explained in the same way as above.
The change of site led to a considerable alteration of the scores for the Land, Site Impacts and
Illumination Performance Categories. A significant improvement of the buildings’ environmental profile, as it regards these issues of performance, is derived from the consideration of the
second site. The increase of the score for Land Performance Category is due to the change of the
score for the “Net area of land used for building and related development purposes” Criterion.
The score for the “Change in ecological value of the site” criterion is manually assigned equal to
3 for both cases of sites, since the authors considered a percentage of the site planted even for
the benchmark case, practice that is above the typical one in Greece. This explains the fact that
the score for the base case building is 2 and not 0. The increase of the score for Site Impacts
Performance Category is due to the change of the score for the “Reflectance of horizontal building surfaces and hard-surfaced site areas” Criterion due to the change of the total areas of the
site and their relative size. The consideration of the second site leads to an increase in Illumination Performance Category score due to the fact that in this case there is no interference with
any adjacent building. The score for the “Potential glare in primary areas of all occupancies”
criterion is manually given a score of more than 0 in both site cases, because the use of effective
shading devices was considered in both cases.
The calculation of the buildings’ elements embodied energy performed in section 4 is indicative of the relative contribution of various components to the total embodied energy of the
building as well as of the total embodied energy of the building itself.
Concluding, there are several preliminary analyses and calculations that can be made and lead
the design of a building towards more sustainable practices. The range of the issues that can be
addressed in this perspective is wide and includes not only questions of building materials and
components but also aspects of the surrounding the building spaces.
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ABSTRACT:
The aim of this study is to provide a basic introduction to the application of life cycle thinking
in building design. This is achieved through the development of a basic MS Excel tool, and applying it to a specific case study. The application of the tool to a new building is intended to illustrate its practical application and its potential as a basis for the choice of energy system and
building technology with low environmental impact. The building, Gronskar, referred to in the
case study was built by Skanska in Sweden, and is based on the “Moderna hus” concept, with
the underlying principle of designing and constructing new efficient residential buildings. The
tool is also intended to offer the necessary flexibility in view of the specific circumstances of
different countries and available data. Furthermore the platform chosen allows for potential
further development by users.
1 INTRODUCTION
Sustainability of constructions is an important theme in design and engineering. Various environmental rating methods for buildings intended to assess sustainability are available, and
include BREAM, LEED, CASBEE (see references). However the sustainability of buildings is
defined in different ways. A general accepted methodology for measuring environmental impact
is life cycle assessment (LCA), which is covered by international standards such as ISO 14040
(2006). The standards allow for flexibility in conducting a LCA within a standardized framework.
The standard indicates that life cycle data is necessary. In the case of buildings, reference can be
made to emission data for energy carriers and building materials. This necessitates a link to a
large database. For a building, typically including a large number of materials, the LCA
becomes a large assignment that requires a comprehensive computer tool to handle.
General LCA tools available, need to be suited for building applications. LCA tools like SimaPro and Gabi, also require experience to handle effectively. Some national building assessment methods which include LCA also exist. Some examples include LEGEP, Equer, Envest
and BEES (see references). However stakeholders in the building sector have so far been
relatively reluctant to apply these tools regularly. The skepticism on LCA tools, which is in
certain circumsatnces evident in the construction sector, potentially originates from the
complexity and at times poor reliability of LCAs.
These and other reasons justify at least in part why LCA has to date been seldom used in building projects in practice. However the life cycle approach is slowly gaining ground, and it is
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likely that in the future, life cycle considerations and calculations will be performed for new
buildings on a regular basis.
One of the main challenges is to present the life cycle approach in a way that can be easily
understood. The aim of this project within the COST Action C25, is to present a basic tool,
intended to reach a larger audience. The MS Excel tool developed is projected for the
calculation of the CO2 equivalents. The tool can also serve as an introduction to life cycle thinking, and is also intended to offer the necessary flexibility in view of the specific circumstances
of different countries and available data. Furthermore the platform chosen allows for potential
further development by interested users.
In order to illustrate the idea, the first draft of the tool has been applied to a residential building
outside Stockholm, called Gronskar. The approach draws on an outline method developed
within the COST Action C25, and the paper is intended to serve as the baseline document for
further action. The building referred to in the case study was built by Skanska in Sweden, and is
based on the “Moderna hus” concept, with the underlying principle of designing and
constructing new efficient residential buildings.
2 LCA PREREQUISITE

2.1 Target group
The target audience of this paper includes COST Action C25 members, representatives of Skanska “Moderna hus” and also researchers and engineers.
2.2 Goal and scope
The aim of this study is to provide a basic introduction to the application of life cycle thinking in building design. This is achieved through the development of a basic simple MS Excel
tool, and applying it to a specific case study. The application of the tool to a new building is intended to illustrate its practical application and its potential as a basis for the choice of energy
system and building technology with low environmental impact.
The work has been restricted to impacts on climate change. Only basic materials in the building structure are taken into account. The environmental impact of the production of the materials, and the impact of energy use during operation are assessed. Characterisation factors are
taken from the IPCC (Inter-governmental Panel on Climate Change, 2007).
At the initial stage, the focus was on the procedure and intelligibility for the users, rather than
the accuracy of the calculations. The implications of changing materials and energy sources can
be elaborated further in future activity, and conclusions regarding the choice of construction can
be drawn.
The basic tool on MS Excel has been developed to facilitate flexibility in use, and to promote
further development. Users can also include specific and generic data, and can then perform calculations based on both.
2.3 System Boundaries
Generic data for emissions associated with material and energy production is used. Initially
Swedish data is considered, since the building is built in Sweden. The building can hypothetically be moved to other countries and data from the specific regions can be used.
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2.4 Functional unit
The functional unit is a residential building with a heated area of 2607 m2 and designed for 94
occupants. It conforms to national regulations with regards to comfort, health, safety, energy use
etc. in Sweden. The anticipated life time of the building is 50 years.
3 BUILDING DESCRIPTION
As mentioned above, Gronskar is a representative of the Skanska “Moderna hus” concept for
multi-family housing, in 3-8 story residential buildings. The concept comprises:
1. An industrialised building process
2. A series of finalised products & planning solutions
3. A collection of components
3.1 Characteristics of the building
Brief characterisation:
• Prefabricated structure with sandwich facades, hollow core slabs, concrete apartment partitions and prefabricated roof panels
• Exhaust air system
• District heating, heat pump with heat recovery
• Hot water distribution: district heating
• Prefabricated electrical system
• BMS for ventilation, heating and individual metering
• Wall insulation: polystyrene
• Mean U-value: 0,46 W/m2,K

17.6 m
Figure 1. Perspective of a single typical floor plan of Gronskar.
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20.2m

Figure 2. Plans and a 3D representation of Gronskar.

3.2 General description of the building
Building Contractor: Skanska
Location: South Stockholm, Sweden
Mansion block, 8 stories, 32 apartments
14 garages and 22 parking places
Construction starts: Spring 2007
Construction ends: Spring 2008
Gross area (BTA): 2.893 m2
Rented area (BOA): 2.249 m2
Expected energy for heating: 80 kWh/m2
District heating: ---------A heat pump on exhaust air
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4 AMOUNTS OF ENERGY AND BUILDING MATERIALS USED IN THE CASE STUDY.

4.1 Building data
Table
1. Calculated quantities of Energy and Materials
_____________________________________________________________________________
Electricity
use
kWh/m2,yr kWh/user,yr kWh/yr
_____________________________________________________________________________
Electricity for heat pump
Electricity for operation
Household electricity

17.4
7.1
32.3

481
196
895

45167
18387
84096

Total
electricity use
56.7
1,571
147650
_____________________________________________________________________________
Heat
use
kWh/m2,yr kWh/user,yr kWh/yr
_____________________________________________________________________________
Space heating – from heat pump
Space heating – from district heating
Hot water

43.3
22.3
30.6

1201
619
850

112918
58166
79891

Total
heat use
96.3
2670
250975
_____________________________________________________________________________
Bought energy

109.7

3039

285707

Table
2. Quantities of basic building materials, kg
_____________________________________________________________________________
Concrete
Wood Styrene Min wool Polyeten Steel Glass Gypsum
_____________________________________________________________________________
2503024

18108

4,038

4541

991

85642 9372

60688

4.2 Generic data
Generic data on emissions, from energy carriers and building materials needs to be compiled
and inserted into the datasheets, in the MS Excel tool, together with notes about the source, and
reference to the part of the life cycle which they cover. The data then appears in the scrolling list
of options for basic calculations. The intention is however, not to extend these tables to extensive databases, but rather to create a limited list of basic values for commonly used energy carriers and building materials and associated influential emissions, that are sufficient for approximate estimates. A variety of building components can be composed from the basic inputs.
Reference is to be made to specialised tools such as SimaPro and Gabi for a detailed analysis.
Table 3. Emissions from the production of materials, g/kg and MJ/kg (Div. Swedish sources). Image from
the MS Excel tool.
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Table 4. Emissions from used energy carriers (IVL 2001). Image from the MS Excel tool.
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5 DEMOLITION & RECYCLING: GENERAL CONSIDERATIONS
The building in service phase, is an important contributor to the life cycle impacts of buildings.
However the energy use, the use of natural resources and the emission of pollutants need also to
be considered in a life cycle perspective. In order to address the overall environmental impact,
all the life cycle stages of a building need to be taken into account, including also the construction materials, construction activities, demolition and dismantling, and the recycling of waste
material and disposal. A major issue in construction relates to the disposal of waste materials
originating from the dismantling and demolition of buildings. Environment friendly building
materials generally meet the objective of reducing the consumption of non-renewable resources
and pollution throughout their life cycle. Therefore secondary materials from the demolition and
recycling of building waste are particularly relevant.
It is important to assess the potential recycling of building waste material with respect to technical and economic feasibility. However it is also necessary to assess the sustainability of recycling building waste, from the energy and environmental point of view. A detailed Life Cycle
Assessment should also allow for the end of life phase, with particular attention to the demolition of the building, and the waste material recycling. An assessment of the extent of use of
waste materials and the replacement of new materials is necessary. The recycling potential of
building materials needs to be assessed also, in order to address the demolition stage of buildings, and to provide information with regards design for dismantling.
6 CALCULATIONS
The calculation procedure, regarding energy and materials is as follows;
Amount
Emissions
CharacteriPot. contrib.. Normalisation
Rel. contrib..
kg or MJ x g/kg or g/MJ x sation factor = g-equivalents / person or m2 = g equiv./p or m2
Input

Generic data Established source Total impact Chosen reference

Relative impact

A MS Excel tool is developed for the implementation of this calculation in a user-friendly
format. The amounts of materials and energy have to be retrieved from other sources such as
energy calculations and CAD programs. If for instance, the aim is to compare the use of different energy options, the amounts might not necessarily be accurate enough. Normalisation is required to enable comparison with buildings of different sizes.
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The MS Excel tool as shown in Figure 3 below has been designed and developed with emphasis on ease in use. Energy amounts and materials are entered one by one and the impact is
calculated immediately and shown on the right. The dark grey spaces include scrolling lists. The
expected life span for each material and the whole building are entered so that emissions from
materials which do not last as long as the building, are calculated using a factor that accounts for
this difference in life span of materials and building. Once the Save button is selected, the data
is copied into a list, such that all the material and energy items, are stored in a single table.
INPUT AREA
Building:

Gronskar
Click and choose alternative
Input value

Energy
Materials

Building life time, yr
Impact category

50
Clim ate change

Use

Type

Amount
MJ or Kg

Heating total

District heating - Stockholm

497 005

All

W ood

18 108

Life time
years

User

Unit
219 228 906 g eqv CO 2
10 140 480 g eqv CO 2

50

Number
Normalisation

Potential
Im pact

Total

g eqv CO 2

834 559

Relative

94

Save energy
Save material

g eqv CO 2/user

8 878

Figure 3. Input sheet for basic calculation of contribution to climate change, CO2-equivalents. The dark
grey spaces include scrolling lists. The input values are entered in the light grey spaces.

The other worksheets in the MS Excel Tool contain generic data which can be further updated as new data is acquired. The idea is that users can enter data in the worksheets, and use
this data for extended calculations. The tool can serve as a platform for beginners as well as
more experienced users, intended to make basic LCA estimations, which can also be developed
further. The tool can be expanded further to include transport, alternative impact categories,
weights etc.
6.1 Result Presentation
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There are various options for the presentation of quantitative results generated in MS Excel. It
is popular to show assessment results in radar diagrams. The main advantage of this type of diagram is that values are clearly visualised and areas can be compared. But in this case, when the
number of input amounts may vary, it is not advisable to use radar diagrams, since the same
value for the same material or energy can show up with different areas in different diagrams. A
simple bar diagram, is therefore recommended (Figure 4).

ENERGY CARRIER

BUILDING MATERIAL

Figure 4. The amounts of energy and basic building materials used, and their associated potential impact
on climate change during the 50 year life time of the Gronskar residential building.

The figures show that the district heating and electricity use give about the same potential
impact on climate change, while in the case of the building materials, cement, steel and gypsum
are mainly responsible for the impact on climate change. In the Gronskar case it is also clear
that the total impact from energy and materials use during the life time of the building is similar.
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The figures highlight the source and the size of the potential impact on climate change for the
building. This should encourage the designer to experiment with alternative building techniques,
and energy sources and energy saving devices. The computer tool allows for straightforward
calculations for the impacts of different alternatives.
6.2 Conclusion
Once a working tool or model is developed, it is important to assess its merits and limitations.
This is usually done by assessing the model, the input data required and also the results generated. The biggest advantage with the tool developed, is the straightforward insertion of the data,
the understanding of the calculations and setting up the result presentations.
The accuracy of the results is better seen in relation to the system boundaries considered. Simplification usually compromises accuracy. Rather than achieving accurate results, the aim was to
present a basic method for the evaluation of life cycle impact of buildings, whilst creating a
learning platform that can be developed further.
With regard to transparency, since the data processed is limited, and since the calculations are
not complex, it is not difficult to understand the type of data used and the choices made. However, with increasing data and in expanding the possibilities, there will be the need to address
the issue of transparency by thorough documentation of data used and of the assumptions made.
The tool has been developed in relation to the ISO standards, in particular to ISO 14040.
6.3 Recommendations
There are two main aspects that require further attention.
1. The basic LCA tool needs to be assessed in detail. In particular the user needs to assess
how the different components of the tool work, and how they relate to each other. This
will lead to a better understanding of LCA, in particular with regards to;




the type of input data used both in terms of energy and material and the units, as well as
the form of the data.
the calculation, that is an assessment of how the input data is transformed into results or
output data.
the type of output data generated and how this relates to the input data, and to the different building solutions, covering both energy and material.

2. A further development of the tool can allow for more impact categories, and additional
aspects of the life cycle. The tool interface can potentially be improved.
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Guidelines to perform Life Cycle Analysis of bridges
H. Gervásio, L. Simões da Silva
University of Coimbra, Portugal

1 INTRODUCTION
The main purpose of these guidelines is to provide a general framework to conduct an integral
Life Cycle Analysis (LCA) of bridges. These general guidelines will be used to perform the
LCA of the case studies regarding bridges, within the scope of the COST Action C25 – Integrated approach to lifetime structural engineering.
Life cycle analysis of bridges comprehends the consideration of all stages over the life cycle
of the bridge, from material production to demolition, through construction and use stages. In
LCA several criteria can be evaluated. If environmental aspects are the major concern, then a
life cycle environmental analysis can be performed. If the total cost of a bridge is the aim of the
analysis, then a life cycle cost analysis fulfils that purpose. Each of these life cycle analysis has
its own methodology, but many aspects are common to both analysis.
Nevertheless, if a sustainable assessment is the aim the analysis than the integration of several
criteria into the same analysis is mandatory. Sustainability is a holistic concept with a multidimensional scope, aiming at integrating environmental, social and economic criteria (the triple
bottom line) into the analysis.
Each stage, over the life cycle of the bridge, has its own characteristics and therefore generates different impacts. Bridges are often massive structures, using large quantities of materials.
The production of materials and the construction stages of a bridge therefore contribute to a
large share of environmental impacts and costs. However, other important impacts and costs are
derived from the subsequent stages. During the operation stage, each time a maintenance or replacement operation is needed, besides the direct costs inherent to the maintenance of the
bridge, the traffic over the bridge has to be conditioned and eventually one or more lanes are
temporarily closed. This traffic interruption often provokes traffic congestion over and or under
the bridge. The traffic congestion, apart from the increased risk of accidents, is responsible for
an increase of emissions to air from fuel combustion. In the end-of-life of the structure, the
demolition of the structure and the management of waste add another major share in terms of
costs and environmental impacts.
In a life cycle analysis, the structural behaviour of the bridge over time is of major importance. The estimation of the service life of a bridge and the analysis of its global deterioration or
the deterioration of its individual components is fundamental in order to predict the activities
needed to maintain the bridge in its required condition over its service life and thus to quantify
all the subsequent impacts and costs.
This report describes the general guidelines to perform a life cycle analysis of a bridge, aiming at the integration of the lifetime structural behaviour of the bridge with environmental, economic and social criteria. There is not a standard framework to conduct such an integral analysis, although there are methodologies for the assessment of the individual criteria. For instance,
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the framework to conduct a life cycle environmental analysis is specified in the ISO standards
[1,2]. Life cycle cost analysis is a common procedure and standards [3] and manuals are available in the literature giving guidance to perform such analyses. The assessment of life cycle social impacts is probably the less developed methodology, and for which little guidance can be
found in the literature. This is mainly due to the difficulty in defining the indicators to characterise social impacts. Nevertheless, the life cycle assessment of all these criteria share a basic
framework. In these guidelines the basic framework to conduct the integral assessment is the
methodology defined in ISO standards for life cycle environmental analysis. According to the
methodological framework established by ISO, a life cycle environmental analysis is performed
in four steps:
1st step: Goal and scope definition;
2nd step: Inventory analysis;
3rd step: Impact assessment; and
4th step: Interpretation.
Each of these steps will be adapted in these guidelines in order to include the other criteria in
the life cycle analysis. The methodology defined in the ISO standards is not a pure sequential
procedure, in fact, it is a highly iterative framework and the need to revise and reiterate previous
steps may arise at any stage.
Taking into consideration the above framework, the main steps to conduct an integral life cycle analysis are represented in Figure 1. Each step will be detailed, separately, over this report.
At this stage, the interpretation step, as well as all the subsequent steps, are not included.
Initialization of the
study

Definition of the boundaries
of the system

Project analysis
Collection of
information and data

Performing of analysis

Interpretation of
results

Validation of results

Fulfillment of
goals?

End

Figure 1. General approach for life cycle analysis
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The first step of the analysis entails the definition of the goal(s) and scope of the integral
analysis. In this step, definitions are made and assumptions are taken regarding the analysis of
all the criteria involved. The second step comprehends the collection of all the data needed in
order to conduct the analysis in relation to the scope of the analysis defined in the previous step.
The analyses are performed in the 3rd step. Several types of analysis may be performed depending of the chosen criteria and the goal of the study. Care must be taken in order to avoid double
counting of indicators. Finally, the combination of the results is made on the last step of the
analysis, the interpretation step, where several criteria may be weighted and aggregated in order
to provide a single result.
As already referred this procedure is highly iterative and, at any stage, it may be necessary to
go back and redefine a previous step in order to have a consistent analysis.
The report is divided into 5 parts. Part A entails the definition of parameters and the description of global assumptions, which are needed for the remaining parts. Part B focuses on the lifetime structural behaviour of a bridge. In this part general methods for the assessment of the service life and of the condition of the bridge are introduced, followed by a description of some
degradation models for different types of bridges. The environmental assessment of the bridge
over its life cycle is described in Part C. In this section a list of the main indicators for the environmental assessment of bridges is introduced followed by a description of the general framework for the life cycle environmental analysis. Part D regards life cycle economic analysis. Life
cycle costs are divided into agency costs and users’ costs. While the former addresses the costs
by the owner or operator of the bridge, the latter relates to direct costs of the users of the bridge.
Finally, in Part E a short description of the case studies is provided. These case studies will be
analysed following the guidance in these guidelines. However, each case study will have to
make the necessary adaptation of this general framework in order fulfil the aims and goals of
each case.
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Part A – Definition of global parameters
H. Gervásio, L. Simões da Silva
University of Coimbra, Portugal

1 INTRODUCTION
The object of these guidelines is a bridge. However, in a life cycle analysis, not only the object
is assessed but also the way it is produced, constructed, maintained and decommissioned. Hereafter, the term bridge will be replaced by “bridge system” or simply “system”, taking into account that the definition of a “bridge system” comprises the bridge (object), the bridge site, the
bridge production and construction, the bridge use and maintenance, and the bridge demolition.
The 1st step in a life cycle analysis, according to ISO framework [1], entails the following
definitions:
- definition of the goal and scope of the analysis;
- definition of the functional unit;
- definition of the system’s boundaries.
This set of definitions is needed in order to enable a clear structure of the analysis and to allow a good understanding of its results.
The goal of the study should clearly specify what is to be done, what are the reasons to conduct it and what is the intended use of the results.
The definition of the scope of the analysis establishes the main characteristics of the LCA
study, and addresses issues such as criteria, temporal, geographical and technology average in
relation to the goal of the study.
The aims and scope of the analysis may vary from case to case. In general terms the analysis
may have a comparative purpose or a descriptive purpose. In a comparative analysis, two or
more types of bridges may be compared in terms of materials, structural systems, construction
processes, maintenance strategies, etc. In a descriptive case, a bridge life cycle can be analysed
in order to evaluate which stages are more critical in terms of cost and/or environmental burdens.
A life cycle analysis relates the impacts to a specific system function. A system can only be
compared on the basis of a similar function. Based on the system function it is possible to define
the functional unit. The functional unit is a key element of LCA which has to be clearly defined.
The functional unit is a measure of the function or functions of the studied system and it provides a reference to which the inputs and outputs can be related. Also, the durability or the duration of the function provided by the system should be taken into account. This enables comparison of two essential different systems. For example, 1 kg of steel is not comparable to 1m3 of
concrete. However, if the functional unit is a steel column, made of 200 kg of steel, designed to
support a load of 10 kN for a period of 10 years, than a comparison to a similar column made of
concrete and fulfilling the same function is therefore possible.
A system may provide one specific function or fulfil more than one function. If a system fulfils just one function the selection of the function step is fairly straightforward. A bridge is a
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system which fulfils mainly one specific function [2]: “bridges provide a passage over a gap
without closing the way beneath”. However, a bridge can also fulfil other functions, e.g. aesthetics. In this case, the system may be defined by its primary function and all the other functions
taken as facultative [3].
An example of a functional unit of a bridge system may be “a bridge designed for a service
life of 100 years, for a maximum hourly traffic of 1000 vehicles”.
Once the functional unit is defined, the next step will be to define the boundaries of the system. According to the aim of the study, boundaries should be established in order to identify the
extent to which unit processes are included or excluded in the LCA study.
Considering a life cycle of a bridge the main unit processes are illustrated in Figure 1.

Figure 1. Boundaries of the life cycle analysis

The scheme represented in Figure 1 is only an example, some unit processes may be excluded
and others included, depending of the aim and scope of the analysis.
There are no general rules to be used in the definition of the system boundaries, although
some rules of thumb are used to assist in boundary setting [4]:
• some sources can be excluded simply because the associated flows are negligible to the final
results,
• some desirable aspects of assessment may not actually be feasible, which is why some
sources are excluded,
• non-negligible flows associated with some sources are sometimes poorly known (lack of reliable models, or uncontrolled variables such as the transport mode of occupants) and thus tool
developers prefer to exclude the flows so that the more controlled environmental effects of the
variants studied can be more favourably revealed,
• when decision-makers dealing with a building are unable to modify some causes of impact,
these are often excluded from the assessment,
• some processes can be considered as being external to the life cycle of the building as they
belong to other systems (e.g.: the final disposal of some wastes),
• the cost of the assessment should also be taken into account, as it increases in proportion to the
exhaustiveness of sources; in some applications, a limit to the cost of the assessment is a criterion which can cause the limits of the system to be restricted.
2 COLLECTION OF GENERAL DATA
Once the boundaries of the system are defined, the inventory step takes place. In this step, data
is collected in order to allow the quantification of the impacts in the following stage of the
analysis. Data is collected in regard of the unit processes included in the system boundary (see
Figure 1) and in regard of the scope of the analysis. That is, if environmental and economic cri-
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teria are included in the scope of the analysis, then data should be collected in order to allow the
quantification of both criteria, in each unit process over the life cycle.
Two main sources of data are usually available: data collected from the project and data obtained from specific databases.
The project usually provides useful data in regard of several criteria, namely:
i) the bill of materials, which allows to quantity the mass of each material;
ii) the costs of the materials;
iii) construction information, including the process itself of construction, time needed for
the construction, associated costs, etc;
iv) traffic information and forecasts;
v) in case an Environmental Impact Assessment study was carried out, it provides very important data in regard of environmental, cost and also social criteria.
Data can also be obtained from databases:
i) for the environmental analysis, the environmental profiles of materials and assemblies
can be obtained from specific databases (e.g. Ecoinvent [5])
ii) for the economic analysis, unit prices for materials and processes can be obtained from
cost databases; etc.
Other sources of information include Environmental Product Declarations (EPDs), Ecolabels, and general literature.
The data required for a life cycle analysis of a bridge is summarized in Table 1.
Table 1. Collection of data
General data
Bill of materials
Description of construction processes
Service life of the structure
Maintenance plan
End-of-life plan
Traffic data
Environmental data
Inputs for each unit process:
- Energy
- Materials
- Water
Outputs for each unit process:
- Emissions to air, water, soil
- Waste
Economic data
Costs of materials
Costs of construction processes (equipment, man-power, etc)
Cost of maintenance
Cost of demolition

The quality of the data collected has a major influence on the outcome of the analysis. A life
cycle analysis based on data with poor quality cannot provide results of better quality. A proper
evaluation of data quality is thus very important in a life cycle study. Some rules to check data
quality are [6]:
i) collection of data from specific sites versus general data;
ii) being measured, calculated or estimated;
iii) measure the variability of data values;
iv) check the completeness of data;
v) check the representativeness of data;
vi) check the consistency of data, etc.
In the step of data collection, there are two major problems to deal with. One problem regards
the fact that in a life cycle analysis it is practically impossible to include all the unit processes
and related data over a system’s life. Thus, clear rules must be taken in order to exclude some
unit processes. The other problem refers to the allocation.
The main reason for the cut-off problem arises from the lack of data, in combination of lack
of time and money, for a particular unit process. Cutting off processes can influence the analysis
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and therefore it should be avoided as much as possible. When this is not possible, estimations
can be made either by the consideration of a similar process or by comparing a process for
which data is lacking with a similar process for which data is available and justify whether cutting off is or is not reasonable. If, however, estimations are not possible, the processes for which
data are lacking should be considered with a zero value, and a justification of it should be made.
The allocation problem may arise from two different situations [7]:
i) the process in question delivers more than one useful product, and thus allocation procedures are required to determine which inputs and outputs are attributable to the
system under assessment;
ii) the process or product in question is part of recycling loop, and thus an allocation procedure is needed in order to allocate the burdens of the initial production on the
successive products or processes.
Allocation procedures can be based on (i) technical/natural causality; (ii) physical quantities;
(iii) economic value; (iv) social causality; and (v) arbitrary numbers. The choice of the allocation procedure should be careful and transparent, as the results of the analysis can be significantly influenced by the choice of method.
3 DEFINITION OF LIFE CYCLE SCENARIOS
Due to the long time span of bridges, the assessment of some stages over the bridge’s life is
based on scenarios. That is often the case for the use and demolition stages, where scenarios are
defined either for the maintenance of the bridge and for the deconstruction of the bridge.
Regarding the maintenance of the structure scenarios are needed to indicate the long term behaviour of the bridge. These scenarios should indicate the maintenance cycles (frequency and
duration), repair and replacement schedules. A short example of a maintenance plan, for a
bridge with a service life of 100 years, is illustrated in Table 2.
Table 2. Maintenance plan of a bridge
Maintenance activity
Inspection of the bridge

Unit Cost
10 €/m

6

End year
96

Painting of the steel structure

150 €/m2

30

90

30

Cleaning of expansion joints

10 €/m
35 €/m2

1
5

99

1

95

5

New top layer of asphalt
(...)

Start year

Frequency
6

Also the duration of the maintenance activities is necessary to be estimated in order to assess
the impacts due to the traffic congestion on users of the bridge and on the environment.
The maintenance plans are defined based on the engineering experience or on historical data
of similar bridges. Although, considering an integrated approach, the maintenance strategy can
be based on the input from degradation models.
In what concerns the end-of-life of the structure, again scenarios are needed to indicate how
the structure will be demolished and what will be the final destination of the related construction
waste, either sending them to recycling, to landfill, etc. In Table 3, a short example of a demolition plan of a bridge is illustrated.
Table 3. Demolition of the bridge
End-of-life scenario
Structural component
To be recycled in a recycling plant situated 100 km from the site of
Steel beams
demolition (road transportation)
To be sent to landfill situated 50 km from the site of demolition
Concrete slab of the deck
(road transportation)
To be sent to a sorting plant for disassembly, situated 10 km from
Concrete from the abutments
the site of demolition. The reinforcement steel is to be sent for recycling (100 km by road transportation) and concrete waste sent to
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landfill (50 km by road transportation)

(...)
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Part B – Life cycle performance analysis
E. Vesikari
VTT, Finland

C. Rebelo
University of Coimbra, Portugal

1 LCA OF MAINTENANCE AND REPAIR
Description of a method to be used in case studies of bridges.The calculations are carried out by
an Excel worksheet. Three tables are worked out:
1) Analysis Table
2) Data table of maintenance systems
3) Data table of repair systems

Figure 1. Layout of the LCA analysis

The table of maintenance systems contains data of all optional maintenance and protection
methods, such as coatings, water proofing of deck and other maintenance and protection
methods. The table contains the data of costs and environmental loadings of maintenance
systems in given units. Also the reference service lives and the relative rate of degradation of
substructure (as a result of protection) are given in the table.
The table of repair systems contains all the optional repair and renovation systems of concrete
and steel structures. The data on costs, environmental loadings and service lives of repair and
renovation systems are given. The service lives are determined based on degradation models.
The analysis table contains data on the environmental loadings of parts of the bridge through
the analysis period. Only the main parts of the bridge are considered. As an example the
following break-down could be used: (1) abutments, (2) columns, (3) deck, upper surface, (4)
deck, bottom surface, (5) main girders, (6) tie girders, (7) pavement, (8) expansion joint devices
etc. The table contains necessary data for calculating the environmental loadings from
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maintenance, repair and renovation actions. To be able to calculate the environmental loadings
of actions the following data is necessary: (1) system code (referring to the data table of
maintenance systems and data table of repair and renovation systems). (2) quantity of action in
given unit, (3) coefficient of exposure (referring to the reference service life in the data tables of
systems), (4) coefficient of maintenance system for determination of service life (for repair and
renovation systems only), (5) service life of the system, (6) times of sequential application of
the system, etc. The service life of the original structure before any repairs or renovations is also
determined using degradation models. Some of these data is input manually, some is obtained
from the data tables of systems. When all the necessary data is gathered the environmental
loadings are determined by the analysis table. The total loadings are determined by summing up
the total loadings of each part of the bridge. The annual loadings are determined by dividing the
total loadings by the analysis period.
The analysis period should be selected so that it is longer than the lifetime of bridge before the
first renovation. When doing so the annual environmental loadings depend only little on the
analysis period and they approach to constant values when lengthening the analysis period.
2 SERVICE LIFE PREDICTION
Service life of structures is the period for which the structures are to be used for its intended
purpose. It is related to the structural performance. Figure 2 shows schematically the evolution
of the structural performance along the service life comparing the available performance of the
structure (structural health) and the required performance criteria (performance levels).
Preventive
(scheduled)
maintenance

Available performance (health)

Performance

Essential
maintenance

e.g. traffic load
increase, code
change

Required Performance (reliability)
Time, years
Figure 2. Time dependent performance of structures

Available performance is mainly influenced by load-dependent degradation processes like fatigue, by material specific degradation processes like corrosion or carbonation and by material
and structural components ageing. Available performance can be estimated during design and
construction if the basic requirements concerning resistance, serviceability, durability and execution given in the structural design codes are met. Furthermore, it can be controlled during the
service life adopting adequate management of inspection and maintenance plans.
Required performance of the structure can be established in three levels (ISO 13822, 2001 in
FiB, 2002): the safety performance level, which provides appropriate safety for the users in
normal conditions, the continued performance level, which provides continued function for special structures like key bridges, hospitals or communication buildings under exceptional events
like natural catastrophes or terrorist attack, and the level of special performance requirements
imposed by the owner and related to property protection, economical loss or serviceability.
Actions on structures that do not depend on human decisions – such as service loads, wind,
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snow and earthquakes - have intensities that vary with time. Increasing the lifetime of a structure therefore increases the probability that, in a given time frame, the intensity of one of these
actions will exceed the value assumed in the design. In order to work on a rational base, a conventional “design working life” for different types of structures must therefore be defined.
Design working life of structures is the period for which the structures are to be used for its
intended purpose with anticipated maintenance but without major repair (Gulvanessian, 2001).
Therefore, service life can be normally confounded with design working life, becoming a matter
of convention. If no other requirement exists, it is assumed that he design working life of civil
structures, including bridges is given by the EN1990 (CEN, 2001). This eurocode stipulates that
the structure shall be designed for the indicative design working life given in Table 1. This
specified working life is obviously independent of the type of material used in construction and
actually increases with the importance of the structure. Nevertheless those values, being indicative, may be modified by the National Annexes of the EN1990.
Table 1. Indicative design working life Td (CEN, 2001)
Design working
Design working life
Examples
life category
Td (years)
1
10
Temporary structures
2
10 to 25
Replaceable structural parts
3
15 to 30
Agricultural and similar structures
4
50
Building structures and common structures
5
100
Monumental building structures, bridges and other civil
engineering structures

If structures undergo regular maintenance they generally have longer lives than those in the
table, which are to be intended only as a reference for the time dependent safety evaluations.
According to EN1990 (CEN, 2001) structures shall be designed such that deterioration over its
design working life does not impair the performance of the structure below that intended (see
Fig. 1), having due regard to its environment and the anticipated level of maintenance. In order
to achieve such durable structures following should be taken into account (CEN, 2001):
• intended and future use of the structure
• required performance criteria
• expected environmental influences
• composition, properties and performance of materials and components
• choice of a structural system
• shape of members and structural detailing, and buildability
• quality of workmanship and level of control
• particular protective measures
• maintenance during the intended life
3 DEGRADATION MODELS FOR CONCRETE
The most frequent types of degradation for concrete bridge structures are the following:
• carbonation and corrosion of reinforcement on concrete surfaces
• chloride penetration and corrosion of reinforcement on concrete surfaces
• carbonation and corrosion of reinforcement at cracks
• chloride penetration and corrosion of reinforcement at cracks
• frost attack on concrete
Two sets of degradation models for concrete structures are recommended:
1. “Proposed European models”. In: Lay, S. & Schiessl, P. 2003. Service life models. Instructions on methodology and application of models for prediction of residual service
life for classified environmental loads and types of structures in Europe. EC, FP5:
Growth. RDT Project: Life cycle management of concrete infrastructures for improved
sustainability: LIFECON Deliverable D3.2. 169 p. http://lifecon.vtt.fi/
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2. “Finnish bridge models”. In: Vesikari, E. 2003. Statistical condition management and
financial optimisation in lifetime management of structures. Part 1: Markov Chain based
LCC Analysis. Part 2: Reference structure models for prediction of degradation. EC,
FP5: Growth. RDT Project: Life cycle management of concrete infrastructures for improved sustainability: LIFECON Deliverable D2.2. 115 p http://lifecon.vtt.fi/
The “proposed European models” were developed during European Community projects
“Duracrete”, “Lifecon” etc. The advantage of these models is the large agreement and acceptance of these models. Also the following instructions are based on these models:
• Model Code for Service Life Design. 2006. fib Bulletin 34.110 p.
• Vägledning för livslängdsdimensionering av betongkonstruktioner (Instructions for
service life dimensioning of concrete structures). 2006. Swedish Concrete Society.
Report 12.
The drawback of these models is that they do not include models for corrosion at cracks. Also
the model for frost attack is hardly usable. So also the interaction between frost attack and corrosion processes (including carbonation and chloride penetration) is not considered in these
models.
Another drawback in these models is that the use of them calls for testing of concrete. For example the model of carbonation requires testing of the carbonation resistance and the model of
chloride penetration calls for testing the chloride migration coefficient. However, there are
available test data that can be used for rough evaluation of these parameters based on standard
concrete parameters, such as the w/c ratio and the cement type.
The Finnish bridge models were developed based on laboratory tests, field tests and computer
simulation. They include models for all degradation types mentioned above. They consider also
the interaction between frost attack and corrosion (including carbonation and chloride penetration). The models were used in the project level life cycle management system for bridges in
Finland. The drawback of these models is that they were developed on national bases and, so,
are not widely used in other countries.
In the Finnish bridge models reference degradation rates are determined at four reference environmental conditions:
• moisture burden 0 and chloride burden 0,
• moisture burden 0 and chloride burden 1,
• moisture burden 1 and chloride burden 0, and
• moisture burden 1 and chloride burden 1.
The final degradation rate is interpolated between the reference rates by knowing the real
moisture burden and the real chloride burden.
Which ever degradation models are used the calculations become rather complicated. That is
why it is proposed that the models are programmed on a worksheet in an easily adaptable form
by an expert. So, not everybody has to be well-versed with the models. The result service life
can be obtained simply by inserting key parameters of concrete, structure and the environmental
burden. The key parameters of concrete and the structure would be:
• Concrete w/c
• Concrete nominal strength
• Cement type
• Concrete air content
• Concrete cover
• Diameter of reinforcement
• Crack width
The classification of the environmental burden relating to moisture and chlorides depends on
the selected set of models.
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Part C – Life cycle environmental analysis
H. Gervásio, L. Simões da Silva
University of Coimbra, Portugal

1 LIFE CYCLE IMPACT ASSESSMENT METHODOLOGY
The life cycle impact assessment methodology proposed for the analysis of the case studies is
the CML methodology [1]. There are several reasons for this choice:
¾ It is a well documented approach and with scientific recognition;
¾ It is based on state-of-art developments;
¾ It is an European methodology;
¾ It is a problem oriented approach, that is, indicators are defined at “mid-point level”.
Apart from these reasons, another particularity of this methodology is that it provides a list of
impact assessment categories grouped into:
¾ Obligatory impact categories (Category indicators used in most LCAs)
¾ Additional impact categories (operational indicators exist, but are not often included in
LCA studies)
¾ Other impact categories (no operational indicators available, therefore impossible to include quantitatively in LCA)
In case several methods are available for compulsory impact categories, a baseline indicator
is selected, based on the principle of the best available practice. Baseline indicators are recommended for simplified studies. However, guidelines for inclusion of other methods and impact
category indicators, in case of detailed studies and extended studies, are provided. For each
baseline indicator, normalisation scores are calculated for the reference situations: the world in
1990, Europe in 1995 and the Netherlands in 1997.
2 SELECTION OF INDICATORS
The selection of indicators for the environmental impact categories should take into account the
need to fully characterize the environmental burdens due to the system (in this case a bridge).
For bridges, as well as for other construction related systems, many of the impacts are location
specific. Traditional LCA does not address local impacts. In fact, all the loadings are aggregated, and thus impacts can only be calculated at a regional or global scale. Therefore, in order
to adapt LCA to construction systems, the site-specific impacts must either be excluded from the
system boundaries or separately inventoried and classified. In the case of ecologically sensitive
area, the best alternative would be to combine LCA with another evaluation tool.
For the application in the case studies, a set of indicators for the impact categories were chosen, and are listed in the following paragraphs:
¾ Depletion of abiotic resources
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This impact category is concerned with protection of human welfare, human health and
ecosystem health. This impact category indicator is related to extraction of minerals and
fossil fuels due to inputs in the system. The Abiotic Depletion Factor (ADF) is determined for each extraction of minerals and fossil fuels (kg antimony equivalents/kg extraction) based on concentration reserves and rate of de-accumulation. The geographic
scope of this indicator is at global scale.
Climate change
Climate change can result in adverse affects upon ecosystem health, human health and
material welfare. Climate change is related to emissions of greenhouse gases to air. The
characterisation model as developed by the Intergovernmental Panel on Climate Change
(IPCC) is selected for development of characterisation factors. Factors are expressed as
Global Warming Potential for time horizon 100 years (GWP100), in kg carbon dioxide/kg emission. The geographic scope of this indicator is at global scale.
Stratospheric Ozone depletion
Because of stratospheric ozone depletion, a larger fraction of UV-B radiation reaches
the earth surface. This can have harmful effects upon human health, animal health, terrestrial and aquatic ecosystems, biochemical cycles and on materials. This category is
output-related and at global scale. The characterisation model is developed by the
World Meteorological Organisation (WMO) and defines ozone depletion potential of
different gasses (kg CFC-11 equivalent/ kg emission). The geographic scope of this indicator is at global scale. The time span is infinity.
Human toxicity
This category concerns effects of toxic substances on the human environment. Health
risks of exposure in the working environment are not included. Characterisation factors,
Human Toxicity Potentials (HTP), are calculated with USES-LCA, describing fate, exposure and effects of toxic substances for an infinite time horizon. For each toxic substance HTP’s are expressed as 1,4-dichlorobenzene equivalents/ kg emission. The geographic scope of this indicator determines on the fate of a substance and can vary
between local and global scale.
Terrestrial toxicity
This category indicator refers to impacts of toxic substances on terrestrial ecosystems,
as a result of emissions of toxic substances to air, water and soil. Eco-toxicity Potential
(FAETP) is calculated with USES-LCA, describing fate, exposure and effects of toxic
substances. The time horizon is infinite Characterisation factors are expressed as 1,4dichlorobenzene equivalents/kg emission. The indicator applies at global/continental/
regional and local scale.
Photo-oxidant formation
Photo-oxidant formation is the formation of reactive substances (mainly ozone) which
are injurious to human health and ecosystems and which also may damage crops. This
problem is also indicated as “summer smog”. Winter smog is outside the scope of this
category. Photochemical Ozone Creation Potential (POCP) for emission of substances
to air is calculated with the UNECE Trajectory model (including fate), and expressed in
kg ethylene equivalents/kg emission. The time span is 5 days and the geographical scale
varies between local and continental scale.
Acidification
Acidifying substances cause a wide range of impacts on soil, groundwater, surface water, organisms, ecosystems and materials (buildings). Acidification Potentials (AP) for
emissions to air are calculated with the adapted RAINS 10 model, describing the fate
and deposition of acidifying substances. AP is expressed as kg SO2 equivalents/ kg
emission. The time span is eternity and the geographical scale varies between local
scale and continental scale.
Eutrophication
Eutrophication (also known as nutrification) includes all impacts due to excessive levels
of macronutrients in the environment caused by emissions of nutrients to air, water and
soil. Nutrification potential (NP) is based on the stoichiometric procedure of Heijungs
(1992), and expressed as kg PO4 equivalents/ kg emission. Fate and exposure is not in-
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cluded, time span is eternity, and the geographical scale varies between local and continental scale.
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Part D – Life cycle cost analysis
J. Eriksen, M. Veljkovic
Lulea University of Technology, Sweden

1 LIFE CYCLE IMPACT ASSESSMENT METHODOLOGY
In Sweden, the National Road Administration has developed a detailed program for the maintenance of bridges and tunnels, BaTMan (Bridge and Tunnel Management). This system includes
about 27000 bridges and is not only used by the NRA, but also the Swedish National Railway
Administration and a large number of cities and communities are using it. Within this system it
is possible to search for maintenance operations, costs, pictures of damaged details etc, which
gives the users an important and efficient tool in order to control and estimate the maintenance
of their bridges.
However, the system has only been used since 2004, which gives us a great picture of the recent maintenance, but it is therefore difficult to get a total picture of the maintenance needed for
a total life cycle analysis. Older inspections and maintenance operations are added to the system
continuously, but it will of course take some time before that work is completed. Therefore, we
are at this point relying on general information regarding the maintenance interval, received
from a couple of bridge inspectors in the north of Sweden.
In the north of Sweden, the interval and costs in Table 1 can be used to describe the maintenance of a bridge, with a normal traffic intensity of approximately 25000 vehicles/day. The unit
costs in table 1 are collected from one of the public documents at the BaTMan website (in
Swedish) https://batman.vv.se [1].
Table 1. Some examples of maintenance activities of a Swedish bridge
Unit Cost
Maintenance activity
Interval (years)
Inspection of a concrete bridge
9 €/m
6
Inspection of a steel bridge
8 €/m
6
Inspection when diving needed
1600 €
6
Exchange of the edge beams
790 €/m
30
Exchange of the concrete deck
440 €/m2
Painting of bearings
670 €/un
30
Painting of the steel structure
150 €/m2
30
Cleaning of expansion joint
10 €/m
1
Exchange of rubber band
1500 €/m
10
Exchange of steel profile
24000 €/m
30
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Part E – Case studies
J. Eriksen, M. Veljkovic
Lulea University of Technology, Sweden

H. Gervásio, L. Simões da Silva
University of Coimbra, Portugal

1 INTEGRAL ABUTMENT BRIDGE
1.1 Short description of the case study
In this case study a comparative life cycle analysis between an integral composite bridge and a concrete bridge with expansion joints is proposed. The case study focuses on a composite bridge with two
I-beam girders with a concrete deck and integral abutments [1], with a single span of 40 meters, see
Figure 1. This bridge is compared with an alternative solution, consisted of a reinforced concrete
bridge with two spans of 18 meters, a middle pier in the river and end screens at the end supports, see
Figure 2.

Figure 1. Elevation plan of the integral abutment bridge
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Figure 2. Elevation plan of the concrete bridge

Tables 1 and 2 shows the bills of materials used in each bridge.
Table 1. Bill of materials of the integral bridge
Material
Concrete Grade C40/50
Reinforcement Grade B500
Steel Grade S355 (web) & S460 (flanges)
Steel piles ( 170x10) Grade S440
Steel pipes ( 600x1.6) Grade S355
Shear studs ( 22)
Paint (Epoxy and Polyurethane)
Polystyrene

Quantity
108.5
6.3
41.4
13.9
0.6
1000
300.0
1.5

Table 2. Bill of materials of the reinforced concrete bridge
Quantity
Material
Concrete Structure, Grade C35/45
429
Concrete Piles ,Grade C50/60
103
Reinforcement, Grade B500 B
50
Bearings:
- TOBE FR-E 2000
2
- TOBE FR-A 2000
2
- TOBE FR-F 4000
2
Expansion joints (Maurer D90B)
5
Steel sheet piling
103

Unit
m3
ton
ton
ton
ton
un
m2
m2
Unit
m3
m3
ton
un
un
un
m
ton

During the operation stage of the bridge the maintenance plan, represented in Tables 3 and 4, was
estimated according to current Swedish practice in the northern part of the country.
Table 3. Maintenance plan of the integral bridge
Unit Cost
Maintenance activity
Inspection of the bridge
320 €
Painting of the steel structure
37 800 €
Exchange of the edge beams
51 320 €
Table 4. Maintenance plan of the concrete bridge
Unit Cost
Maintenance activity
Inspection of the bridge
375 €
Exchange of the edge beams
60 710 €
Painting of bearings
1 260 €
Expansion joints:
Cleaning of joint
100 €

Start year
6
30
30

End year
96
90
90

Frequency
6
30
30

Start year
6
30
30

End year
96
90
90

Frequency
6
30
30

1

99

1
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Exchange of rubber band
Exchange of steel profile

2 625 €
11 025 €

10
20

90
80

10
20

1.2 Life Cycle Analysis
A life cycle analysis of a bridge encompasses all the stages from material production to end-oflife stage. In this cost analysis, however, due to lack of information, the costs related to the endof-life stage, the disposal costs, are not considered. Thus, in Figure 3, the boundary of the system under analysis is indicated by the dashed line.
In this life cycle cost analysis two types of costs are going to be considered, the costs incurred by the owner/operator of the bridge over the study period (agency costs), and the costs
incurred by direct users of the structure (user costs). The time period of the analysis is 120 years
and the base year of the analysis is 2008.

Figure 3. System boundary of the life cycle cost analysis

The environmental Life Cycle Analysis (LCA) in this paper follows the guidelines of ISO
standards for LCA [4,5] and it is performed according to the Eco-indicator methodology [6] and
the SimaPro software program [7]. The object of assessment, the functional unit, is a bridge designed for a service life of 120 years.
An environmental life cycle analysis entails the quantification of all environmental burdens
from the production of the raw materials to the final destination of the products. For this case
study, the processes included in the life cycle analysis of the composite bridge are represented
in Figure 4.

Figure 4. System boundaries of the life cycle environmental analysis

In Figure 5, the normalized results of the life cycle analysis are presented, according to the
three damage categories and for each structural solution. In each column the results obtained for
each life cycle stage are summed up. According to Figure 5, the composite bridge has a better
environmental performance in every damage category.

Figure 5. Total damage analysis per bridge solution
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In Figure 6, the same results are represented but according to the respective life cycle stage
and for each structural solution. In each column the normalized results obtained for each damage category are summed up.

Figure 6. Damage analysis per life cycle stage

From Figure 6, it can be concluded that the construction stage has a major influence on the
final result of the analysis. The end-of-life stage can also be important, particularly in the case
of recyclable materials. In this case study the operation stage is not significant as many simplifications were assumed due to lack of data.
2 THREE-SPAN MOTORWAY VIADUCT
2.1 Short description of the case study
In this case study a life cycle analysis of a motorway bridge is proposed. The bridge,
represented in the following picture, is a composite bridge with 3 spans: 19.15 m + 42.5 m +
19.15 m.

Figure 7. Elevation view of bridge
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Figure 8. Cross-section of the bridge (at the intermediate piers)

The aims and goals of this study are:
¾ To estimate the structural performance of the bridge over the service life
¾ To assess the environmental performance of the structural system from the construction
stage to demolition stage (including impacts on users)
¾ To assess the costs over the life cycle (including costs on users)
¾ To make sensitivity studies regarding different parameters
¾ Define strategies to combine different criteria in life cycle analysis
¾ To establish guidelines for the optimization of bridge design over its life cycle
Functional unit:
A composite motorway bridge, designed for a service life of 100 years, according to structural eurocodes.
Boundaries of the system:

Figure 9. System boundaries of the bridge
Table 5. Bill of materials
Structural element
Base of foundations
Piles + Abutments + foundations of piers
Piers

5.48

Class/grade
Concrete C16/20
Concrete C25/30
Concrete C30/37

26 m3
322 m3
60 m3

Deck
Steel reinforcement
Structural steel (hot rolled sections)
Structural steel (welded plate sections)
Alkyd Paint

Concrete C35/45
Steel A500
Steel S355
Steel S355
------

363 m3
115134 kg
8887 kg
165456 kg
1535 l

2.2 Preliminary analysis
A preliminary life cycle environmental analysis was performed in order to assess the influence of the end-of-life stage. The results of this preliminary analysis are presented in the following paragraphs.
2.2.1 Inventory analysis
Data for construction materials, apart from steel, and transportation were obtained from
Ecoinvent [6] database, which is included in SimaPro software. Data for the production of steel
was obtained from the IISI database [7]. This case study includes two kinds of steel sections:
hot rolled sections, for the bracing elements, and welded plate sections, for the main girders. In
the IISI database, LCI data is calculated for products derived via the blast furnace/basic oxygen
furnace route (based mainly on new raw materials) and/or the electric arc furnace route (mainly
based on steel scrap). Data is available for several steel semi-finished products at the gate of the
factory. However, it does not consider the necessary processes to obtain the finished products
which usually take place in a fabrication shop. A typical fabrication shop involves detailing, filling, welding, surface preparation, surface protection and shipping. To fill this gap, data from the
fabrication shop was collected directly from Martifer SA, a leading Portuguese steelwork fabricator [8]. It was assumed that both steel plate and hot rolled sections were produced via the primary route (BF route).
2.2.2 Impact Assessment analysis
The environmental life cycle analysis is performed according to the CML methodology [9]
and the SimaPro [5] software program. The processes included in the life cycle analysis of the
composite bridge are represented in Figure 3. According to the CML methodology, the Impact
Assessment analysis comprehends 8 impact categories: abiotic depletion kg (Sb eq.), global
warming (kg CO2 eq.), ozone layer depletion (kg CFC-11 eq.), human toxicity (kg 1,4-DB eq.),
terrestrial ecotoxicity (kg 1,4-DB eq.), photochemical oxidation (kg C2H4), acidification (kg
SO2 eq. and eutrophication (kg PO4--- eq.).
In order to assess the influence of the end-of-life stage in the overall result of the life cycle
analysis, several scenarios were defined and analysed, according to Table 6.
Table 6. End-of-life scenarios
Base scenario
Scenario 1 -Reuse
Scenario 2 - Recycling

End-of-life scenario
All the construction waste is to be sent to a landfill (50 km by
road transportation)
Steel structure is going to be reused (80%) (100 km by road
transportation) and all the remaining construction waste is to be
sent to a landfill (50 km by road transportation)
Steel structure is going to be recycled (80%) (200 km by road
transportation) and all the remaining construction waste is to be
sent to a landfill (50 km by road transportation))

In Figure 10, the results of the life cycle analysis are shown for scenarios 1, 2 and the base
scenario. From the graph, the influence of the end-of-life stage is clear observed. The results for
the LCA considering the reuse of steel in the end-of-life stage are naturally better than for the
recycling scenario, as the latter includes all the processes necessary to process steel scrap.
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Figure 10. Life cycle environmental analysis (Sce. 1 – recycling, Sce. 2 – reuse & Base scenario)

In Figure 11, the results of the life cycle analysis for scenario 1 are presented by life cycle
stage. This picture allows to conclude that the environmental burdens due to the operation stage,
less than 2%, have little influence of the final result of the analysis. It should be noted, however,
that the operation stage was very much simplified in this case study as the focus of the analysis
was the last stage.
The end-of-life stage, on the other hand, has a major influence on the overall result of the life
cycle analysis, about 15%.

Figure 11. Environmental analysis by stage
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