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Research - is the oldest and widest European intergovernmental network for cooperation in 
research. Established by the Ministerial Conference in November 1971, COST is presently used 
by the scientific communities of 35 European countries to cooperate in common research 
projects supported by national funds. 
 
The funds provided by COST - less than 1% of the total value of the projects - support the COST 
cooperation networks, COST Actions, through which, with only around € 20 million per year, 
more than 30.000 European scientists are involved in research having a total value which 
exceeds € 2 billion per year. This is the financial worth of the European added value which 
COST achieves. 
 
A bottom up approach (the initiative of launching a COST Action comes from the European 
scientists themselves), a la carte participation (only countries interested in the Action 
participate), equality of access (participation is open also to the scientific communities of 
countries not belonging to the European Union) and flexible structure (easy implementation and 
light management of the research initiatives) are the main characteristics of COST. 
 
As precursor of advanced multidisciplinary research COST has a very important role for the 
realisation of the European Research Area (ERA) anticipating and complementing the activities 
of the Framework Programmes, constituting a ridge towards the scientific communities of 
emerging countries, increasing the mobility of researchers across Europe and fostering the 
establishment of Networks of Excellence in many key scientific domains such as: Biomedicine 
and Molecular Biosciences; Food and Agriculture; Forests, their Products and Services; 
Materials, Physics and Nanosciences; Chemistry and Molecular Sciences and Technologies; 
Earth System Science and Environmental Management; Information and Communication 
Technologies; Transport and Urban Development; Individuals, Society, Culture and Health. It 
covers basic and more applied research and also addresses issues of pre-normative nature or of 
societal importance. 
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Foreword 
 
COST Action C25 “Sustainability of Constructions - Integrated Approach to Life-time 
Structural Engineering” is in its third year of activity and this publication is an additional 
contribution of the participants to the open public.  
 
This book represents one more exciting milestone in fulfilment of the main aims of the action. It 
covers contributions of the 2nd Workshop on “Sustainability of Constructions” held in Timisoara 
on the 23rd and 24th of October 2009. 
 
This book is the product of joint efforts of the action members, prepared in an inspirational, 
although virtual, environment of the collaborative work. About one hundred members from 27 
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, Switzerland, 
Turkey and United Kingdom) and the Ispra EC Joint Research Centre actively participated in 
the preparation of the Workshop. 
 
One of the main objectives of the C25 Action 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. The emphasis is on integrated approaches of 
life-cycle assessment methods for constructions. In accordance with the Memorandum of 
Understanding, three Working Groups, created at the beginning of the action, cover the main 
areas of the Action: “Criteria for Sustainable Constructions”, “Eco-efficiency” and “Life-time 
structural engineering”. 
 
The main focus of 2nd C25 Workshop is on up-to-date issues and the contributions received 
from the members reflect the on-going research and the best available practices in the 
sustainable construction field. The book of proceedings is organised in several chapters, 
showing the work performed in the Action over the last year. 
 
The book starts with an optimistic view on the future of the mankind and an appeal for more 
consistent work on sustainable construction as part of the necessary improvements of the 
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building sector. Current problems and opportunities are presented and methods for assessing the 
future problems are briefly introduced in order to explain various world scenarios. Afterwards 
many important aspects of life-time structural engineering are addressed, starting with the state-
of-the-art of degradation modes and models for different construction materials like concrete, 
masonry and timber structures and the application of degradation models to durability design. 
Overviews of developments on service life design of reinforced concrete structures with 
emphasis on probabilistic approach are also taken into consideration. Further, maintenance, 
repair and rehabilitation techniques as well as planning are discussed. Selected contributions 
give guidance for masonry, concrete, steel, composite and glass fibre reinforced polymeric 
structures. Specific problems both for buildings and bridges are highlighted. Theory and practise 
is discussed and existing software aids and professional documentations are presented. In 
addition, condition assessment procedures as well as monitoring techniques are comprehended 
in these contributions. Finally, deconstruction at the end of the service life is addressed; 
sustainable and economic deconstruction decision and technologies are introduced and 
demonstrated in particular examples. To complete the set, some results of the collaborative 
work that is being carried out in a form of Case-studies are presented, considering various 
solutions on a single question. The case-studies are being continuously developed and 
reassessed during the action by increasing the complexity from simple structures to complex 
and more realistic constructions. Given the complexity and the nature of the topics of the 
Action, where meaningful results can be obtained only if all aspects are adequately covered, the 
case-study approach is crucial for the success of the integration of the knowledge about 
sustainability in structural engineering. 
 
The organisers of the workshop 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. 
 
The Organizing Committee wants to warmly thank all the authors who have contributed with 
papers for publication in the proceedings. Their efforts reflect their commitment and dedication 
to science and sustainable construction. 
 
A special gratitude is also addressed to Dr. Thierry Goger and Ms. Carmencita Malimban from 
COST Office for their help in administrative matters and COST financial support. 
 
The Organizing Committee of the Workshop and Proceedings’ Editors, 
 
Management Committee 
Chair – Luís Bragança (University of Minho, Portugal) 
Vice-chair – Heli Koukkari (VTT Technical Research Centre of Finland, Finland) 
 
WG1 – Criteria for Sustainable Constructions 
Chair – Rijk Blok (University of Technology Eindhoven, Netherlands) 
Vice-Chair – Helena Gervásio (GIPAC, Lda., Portugal) 
 
WG2 – Eco-efficiency 
Chair – Milan Veljkovic (Luleå University of Technology, Sweden) 
Vice-Chair – Zbigniew Plewako (Rzeszów University of Technology, Poland) 
 
WG3 – Life-time structural engineering 
Chair – Raffaele Landolfo (University of Naples “Federico II”, Italy) 
Vice-Chair – Viorel Ungureanu (“Politehnica” University of Timisoara, Romania) 
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Sustainable construction pro an optimistic world scenario 

Heli Koukkari 
VTT Technical Research Centre of Finland, Espoo, Finland 

Luís Bragança 
University of Minho, Guimarães, Portugal 

ABSTRACT: Building and civil engineering has greatly contributed to shaping and structuring 
the world as we know it nowadays. It has paved ways to industries and contributed to function 
of societies. Before born of engineering as a vocation or discipline, the practical workmanship 
had produced prominent buildings and artifacts throughout centuries. The built environment has 
evolved to frame nearly all human activities. Parallel, the production and use of built environ-
ment has grown more and more harmful to the nature. In the circumstances of global threats, 
building and civil engineering has giant tasks but also magnificent opportunities. 
The big challenge of building and civil engineers is now to work for an optimistic world sce-
nario by developing technologies and processes of sustainable construction. The hard core of 
sustainable construction needs new environmentally friendly products and technologies. The 
soft dimensions of sustainability need knowledge on traditions and cultures. The design meth-
ods and business models promoting sustainability ensure that the potential of “green promise” is 
utilized.  
To put things happen, new pioneers are needed. Knowing about past and learning about fore-
sights give valuable guidance for work and life. 

 
1 INTRODUCTION 

This paper is based on the presentation given in the COST Training course for Early Stage Re-
searchers organised by the Actions C25 and C26 and the Aristotle University of Thessaly in 
Thessaloniki in May 2009 (Koukkari 2009). The presentation introduced an optimistic view 
about the future of the mankind to the young researchers, and called for determined work on 
sustainable construction as part of the necessary movement.  

The paper presents at first the role of tools, machines and technology in shaping our built 
environment and communities. By this back-casting, both current problems and possibilities be-
come more understandable. The methods of “futuring” are then briefly introduced in order to 
explain various world scenarios.  

The Globe, our Mother Earth has been inhabited for a quite long period of time – the first 
permanent buildings were built for more than 5000 years ago. The period of time when any hu-
man being has walked on the globe, is however almost unrecognizable in its entire history. And 
yet, never before has one species caused threats in such a scale to the biosphere as during the 
last hundred years. 

“Limits to Growth” was published in the year 1972. It was a report of an MIT project team 
led by Dr. Dennis Meadows that made headlines all over the world. It presented the first proto-
type of a world model that was based on the new approach of system dynamics. Five major 
trends of global concern were studied: accelerating industrialisation, rapid growth of population, 
widespread malnutrition, depletion of non-renewable resources and deterioration of environ-
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ment. The researchers concluded that the time of growth is limited without changes but the 
trends can be altered. 

Until that time, some books were already available that questioned the directions of modern 
life-style and industrialization (like Silent Spring by Rachel Carson in 1962 pointing to chemi-
cal industry). 

Nowadays, sustainable development is a wide programme in most of the wealthy countries. 
Its famous definition was expressed by Gro Brundtland in 1987, that we must meet ‘the needs of 
the present without compromising the ability of future generations to meet their own needs’. 
Sustainability is a series of joint efforts toward a more human and environmentally sound world. 
Sustainable construction has an overwhelming role in turning the trends to new tracks. 

2 TECHNOLOGY DEVELOPMENT AND CONSTRUCTION 

The past of building and construction can be looked at from various points of view. In engineer-
ing, the history of tools and technology is a natural way. Three main phases are in common used 
as a starting point to divide the time. They characterize methods and materials of construction, 
too (table 1). 
 
Table 1. Three Technological Revolutions (Cornish 2004). 

 
View Agricultural Industrial Cybernetic 
Origin Near East 

11 000 years ago 
Britain, 1750 United states, 1944 

Catalytic 
Technology 

Grain cultivation (wheat) Steam engine Computer 

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

Inexpensive, dependable 
source of power 

Fast, cheap decision-
making for problems 
soluble by algorithms 

Uses Feeding people, safeguard-
ing food supply; trading 
goods (functions like 
money) 

Mechanized pumps, ma-
chine powered vehicles, 
power machinery in facto-
ries 

Mathematical calcula-
tions, processed records, 
word processing, data-
base management, tele-
phone exchanges, etc. 

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

Factory towns, urbaniza-
tions, railroads, automo-
biles, rising living stan-
dards, airplanes, surging 
demand for natural re-
sources –metal ores, coal, 
petroleum 

Faster, cheaper informa-
tion handling, better man-
agements of communica-
tions, tighter inventory 
controls, better distribu-
tion of goods, higher 
standard of living 

Workers 
displaced 

Hunters, gatherers Farmers, weavers, crafts-
men, home workers 

Clerks, typists, telephone 
operators, typesetters, 
small grocers, middle 
managers 

New jobs Early: farmers, construc-
tion workers, carters, 
brewers, specialized crafts; 
Later: scribes, scholars 

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

Computer operators, pro-
grammers, repairers, sys-
tems analysts, web-
masters, electronic game 
designers 

2.1 Thousands of years of agriculture 
People started to settle down more permanently when they learnt to cultivate the land. First in-
habitations and towns grew. This “revolution” meant the beginning of systematic building and 
construction activities by the aid of tools and machinery. By about 5000 B.C., skills and tech-
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niques were so matured that first great structures were completed whose remains cans still be 
seen. 

The early shelters were built from natural materials like stone, wood and straw. Good exam-
ples of the achievements of this long period of time can still be found all over. In Sardinia, thou-
sands of nuraghis were built from natural stones to protect from weather and enemies; some 300 
hundreds are still scattered and available for visits. The most developed of them had several 
rooms and even some storeys. Great constructions were erected as early as 2500 BC: Great 
Pyramid in Egypt. The first man-made materials - sun-burned bricks, pozzolanic concrete- 
emerged. During times, ancient cities made of mud bricks have vanished. The first major con-
crete users were the Egyptians in around 2,500 B.C. and the Romans from 300 B.C.  

The first cities were established in Middle East, probably for more than 5000 thousands 
years ago. In Mesopotamia, there were tens of towns, and some of them had even tens of thou-
sands inhabitants. By 1800 BC, Babylon became a dominant city. After 1450, cities like Troy 
emerged in the Aegean. On the Mediterranean cost, Phoenician port cities such as Beirut and 
Tyre flourished from 1200 to 700 BC. The Greek city-states were born by 600 BC. Apart from 
Athens, most of them were small.  

The imperial capital Rome rose by 600 BC, and had more than one million inhabitants. 
Rome had enormous construction works and impressive infrastructure, including eleven great 
aqueducts. According to Clark (2009), the building industry employed around 15% of adult 
males there. Roman Italy had more than 400 towns, and across the empire there were probably 
several thousand. 

In ancient times, tools for cutting, transporting and hoisting heavy stones were developed 
like saws, chisels, lever arms, capstans, windlasses, wheels, sledges, wagons (with a brake sys-
tem), winches. Korres (2000) explains that some of the tools must have been of higher quality 
than their modern counterparts based upon the unique preciseness and quality of Parthenon on 
the Athenian Acropolis whose building started at 490 B.C., but was completed between 447 
B.C. and 432 B.C. Hawkes (1990) tells also, that the ancient Egyptian tools for quarrying have 
not been found. Parthenon is noteworthy for the reason, too that it clearly showed the impacts of 
construction: a marvellous temple on the other end and a large, deep marble quarry in the land-
scape on the other end (figure 1). 

 

 
 

Figure 1. Acropolis, Athens, Greece. 
 
The greatest bastion constructed in China was begun in 221 B.C. but already before some at-

tempts of smaller walls had been made. The work lasted until 17th century AD. The first earthen 
walls were built by erecting shuttering and filling the space between with soil (Hawkes 1990). 
Later, the wall surfaces and walkways were covered with bricks. 

Some historians distinguish a phase of early machinery starting at about the year 1000 
(Mumford 1962). The difference was the organised use of power sources in various vehicles and 
machines. The period was marked at first by an increase of actual horsepower. Areas of good 
supply of wind and water learnt to use them in many ways. The watermills spread rapidly all 
over in Europe. Ships started to serve international trade, boats served for regional and local 

3



transportation. Horse-drawn barges operated on fixed schedules in Southern Holland in the sev-
enteenth century. (Brook 2008). Settlements expanded along trade routes and natural harbours. 

The wealth of European communities was so big that tens of largest ever cathedrals and hun-
dreds of churches were built between 1050 and 1350. According to Ball (2008), at the end of 
this period there was on average a church for every two hundred inhabitants of France and Eng-
land. Medieval builders used mortar prepared from chalk. The structures required wooden fal-
sework, and especially supporting an arch was demanding. Drawings were produced to wooden 
templates whose number could rise to several hundred in a project. 

By 1500, about 25 European cities had more than 40,000 inhabitants (figure 2). Several 
threats of early urban communities included earthquakes, fires, diseases, wars and crop failures. 
Several cities also declined from the fourth to seventh century. 
 

 
Figure 2. Leading European cities about 1500, cities in bold with more than 100,000 inhabitants (Clark 
2009). 

 
The construction techniques adopted largely inventions from military engineering for mov-

ing and hoisting heavy weights. This is a good example of the tradition of construction sector: it 
benefits innovatively from achievements of other sectors. 

2.2 Two hundred years of industrialisation 
Industry started to develop around 1750. This was caused by invention how to use coal as a 

source for mechanical power – the technical history for next hundred years was based upon 
steam. Industries that used heavy machines started to develop. As a consequence, a great shift in 
population took place to new regional centres of Britain. Coal and iron complexes dominated 
the history of France and Germany more or less simultaneously. Large-scale production of steel 
began about 1850. 

Replacement of timber and masonry by iron and steel in large structures was a momentous 
change in building construction. The first cast-iron arched bridge was completed in 1779 over 
the river Severn in Britain – and this was also the first time when iron was used in structural 
role. The interesting feature of the bridge is that there is no bolt or rivet but the design resem-
bled wood. The bridge could survive until our days because the centres of industry moved to 
Manchester and other great towns. 
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Iron-framed buildings followed in large-span halls and railway stations. One of the first ex-
amples is the Crystal Palace at Hyde Park in 1851 (the palace was removed later to another lo-
cation and extended). According to Harvie (2004), “wood and stone are essentially building ma-
terials, whereas iron and steel are constructional materials”. Iron and steel did not simply 
replace the traditional materials: they demanded wholly new designs and methods. The change 
from masonry to steel cut construction time and reduced building weight essentially, thus saving 
on foundation costs. Lightweight construction allowed bigger windows and generated large, 
clear internal spaces which gave more freedom for internal planning. 

Gustave Eiffel was idolised as “le magician du fer”. He built both in his own country France 
and in several other countries. He was especially well-known for his bridge designs – one of 
them located in Porto. The Maria Pia Bridge was completed in 1877, and its arch was the big-
gest in the world at the time. Its construction was exceptionally made from two halves of iron 
arches that were brought towards each other from the abutment of each bank.  

The construction of the Eiffel tower in Paris began in July 1887. Before it, 1500 engineering 
drawings were produced, and in addition for over 18 000 parts. The precise actions of gravity 
and wind on every individual component had been calculated. The Eiffel company was one of 
those who fully understood the practical benefits of mathematical calculation. 

Since the early days of Industrial revolution, the railways had been the driving force behind 
industry, transport and employment – a manifestation of the new civilization (Kowalik 2005). 
According to Harvie (2004), it also meant a possibility of mass transport for people who had 
never ventured further than the village or township of their childhood. The rapid expansion of 
railway networks took place after 1840. 

Elevator first appeared in Dublin 1853, and E. Otis developed his “safety hoister” in 1854. 
Before this invention buildings were in general limited to six storeys. Otis invented a safety de-
vice that locked his elevator in place even when the cable supporting it was cut. This enabled 
higher buildings, and in 1875 the Western Union Building on Lower Broadway reached ten sto-
reys (Hawkes 1990). In addition to the elevator, Bagenal and Meades (1980) mention two other 
factors that made rapid growth of Manhattan possible:  

- more sophisticated understanding of the behaviour of materials and structures 
- separation of the frame from its outside skin by using iron or steel framing. 
In Chicago, sixteen storeys were reached by brick walls but this became quite a limit for the 

thickness of ground-floor walls – steel made skyscrapers possible (Sabbagh 1989). It has also 
been argued that lack of construction regulations facilitated Manhattan. 

The massive use of concrete started at the end of nineteenth hundred. Romans had already 
made many developments in concrete technology including the use of lightweight aggregates 
(in the roof of the Pantheon), and embedded reinforcement in the form of bronze bars. The in-
vention of Portland cement facilitated new methods to produce concrete. The first factory was 
established in England 1843, and then in Germany in 1850 and in Russia in 1856. The rein-
forced concrete beam was patented in France in 1867. Several inventions followed that opened 
new ways to make and use concrete. The World Exhibition in 1889 was important not only for 
steel construction, but also for concrete construction where various types of new solutions were 
shown. The first plant for prefabricated concrete components was established in 1891. In 1904, 
the first German code was published. It was common in multi-storey buildings, that slabs were 
made of concrete and walls of brick. The development of prestressed concrete and prefabricated 
panels and slabs changed construction towards industry starting 1940ies. 

The new era of industrialism was at first marked by pollution of the air and streams. Dumping 
of the residential, industrial and chemical waste-production into the streams was typical. There 
was no effort to save energy or utilize by-products. The new chemical industries sprang up 
without any control of pollution. There was no effort anywhere to separate industries from resi-
dential areas. The first phase of mass-production of goods showed that mechanical improve-
ments alone were not sufficient to produce socially valuable results – or even the highest degree 
of industrial efficiency. 

Because of the pollution of the rivers and the sea, England issued the “Public Health Act” in 
1848, which made water closets, sewers and wastewater treatment mandatory (Kowalik 2005). 
The city of Berlin was first to construct a wastewater treatment plant in the 1840ies. The pro-
gress has been slow, and long-lasting. 

5



The era of heavy industries can be divided in two or three sub-phases. Electricity made a dif-
ference as a source of power. By the 1840, the preliminary scientific exploration of electricity 
was done. By the end of the nineteenth century, the central power station and distribution sys-
tem were developed. According to Castells (2000), through electrical generation and distribu-
tion all the other fields were able to develop their applications and be connected to each others. 
The use of electricity spread from 1870ies on. 

Electricity facilitated development and introduction of new materials. Aluminium is the true 
“neotechnic” material whose production consumes large quantities of electric energy. The use 
of rare metals characterises the new phase as well. More over, organic compounds became more 
important. Industry became dependent on chemistry to great extent. Petroleum was tapped by 
the drilling wells for the first time in modern time in 1859; after that it was rapidly exploited. 
The gas engine was perfected in 1876. The fuel oil was not only powerful in internal combus-
tion engines but it was relatively light and easy to transport. All this led to completely new 
world of movement of individuals, goods and mass tourism – on land and in air. Gradually, the 
new ways to move have changed cities and the build environment all over (figure 3). 

 

 
Figure 3. Cars dominate planning and constructing of modern cities. 
 

The fundaments of the built environment made of concrete, glass, metals and plastics were 
laid before the World War II. The enormous recovery and changes in structure of economies 
and employment created huge needs of rapid new-build. It was responded in many places by the 
systems of prefabricated buildings. Industrialisation of construction sector had taken place al-
though the sector as a whole is still based on manual labour on site. 

2.3 Networking and globalisation 
The world population is increasing, and the share of urban citizens is increasing more rapidly. 
see Table 2. Almost all of the population increase expected during 2000-2030 will be absorbed 
by the urban areas of the less developed regions. 
 
Table 2. Urban and rural population of the world (UN 2005) 
 

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

World 

1950 1975 2000 2005 2030 1950-2005 2005-2030 
Total 2.52 4.07 6.09 6.46 8.20 1.71 0.95 
Urban 0.73 1.52 2.84 3.15 4.91 2.65 1.78 
Rural 1.79 2.56 3.24 3.31 3.29 1.12 -0.03 
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In 1950, there were two mega-cities with 10 million or more inhabitants. By 2005, their 
number had increased to 20 and it is projected that there will be 22 mega-cities in 2015, most of 
them developing countries. Megacities are built with megaprojects: more than one thousand of 
skyscrapers of height more than 100 m are under construction at the moment. Map of cities with 
more than one Million inhabitants is presented in figure 4. 

 

 
Figure 4. Cities with at least 1,000,000 inhabitants in 2006. 
 
“The buildings of the near future will function more and more like large computers with 

multiple processors, distributed memory, numerous devices to control, and network connections 
to take care of. They will continuously suck in information from their interiors and surround-
ings, and they will construct and maintain complex, dynamic information overlays delivered 
through miniature devices worn or held by inhabitants, screens and speakers in the walls and 
ceilings, and projections onto enclosing surfaces. The software to manage all this will be a cru-
cial design concern. The operating system for your house will become as essential as the roof.” 
These words were written by William J. Mitchell (2000) a decade ago. As a consequence, he 
foresaw that a growing proportion of construction costs will go into high-value, factory-made, 
electronics-loaded, software programmed components and subsystems. This evolution is taking 
place, one of the driving forces being energy-efficiency. In figure 5, the development of intelli-
gent or smart house is presented. 
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Figure 5. Development of the concept of intelligent building. 
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The digitalisation of the building and construction sector will certainly be a paradigma 
change, a series of innovations that all together can be regarded as "radical". In addition to de-
velopment of smart/intelligent buildings and cities, the production technologies and processes 
are changing. Implementation of the new technologies of CAD-CAM started in 1960ies. In 
1965, the Finland based Tekla company was established to develop software for calculations 
and drawings. It has grown one of the leading companies in the world. 

The digital design environment enables concurrent integrated design and documentation as 
well as detailed scheduling of building projects. This is nowadays called as Building Informa-
tion Modelling BIM. Gradually, it will also help life-cycle design (incl. evaluation, design and 
engineering), simulation-based analysis of performance, and just-in-time manufacture and sup-
ply of materials on-site. As it will integrate all actors and supporting services of the sector, its 
uptake has been slow but clear.  

According to Castells (2000), the historians will explain why the digital revolution has pene-
trated to all areas of economy and societies in less than 25 years - with dramatic impacts every-
where. 

2.4 Findings and trends from back-casting 
The construction sector in its broadest definition (from materials to operation) has provided 
people, economy and social life with the necessary facilities and networks. Economic growth 
has always inspired to building and construction activities. The sector has been an important 
employer, and thus contributed in a remarkable way to increase of well-being. Throughout his-
tory, construction has expressed man’s desires, beliefs and pride. It has produced many of the 
most magnificent man-made wonders.  

The built environment extends practically everywhere on Earth when the growing population 
has migrated for livelihood. The aspirations and demands concerning conveniences, services 
and connections have increased simultaneously with rising living standard. The floor area per 
household and per person has increased, consumption of water and electricity has increased, 
consumption of oil has increased. All this has led to an increasing consumption of non-
renewable resources and increasing amount of waste and emissions. An estimated 80% of 
greenhouse gas emissions are born in cities. 

For about a thousand years before the Industrial Revolution, the amount of greenhouse gases 
in the atmosphere remained relatively constant. Since then, the concentration of various green-
house gases has increased. The amount of carbon dioxide, for example, has increased by more 
than 30% since pre-industrial times and is still increasing at an unprecedented rate of on average 
0.4% per year, mainly due to the combustion of fossil fuels and deforestation. 

The report Limits to Growth (Meades 1972) was based on system dynamics and assumptions 
that the indicators studied change in accelerating speed. Considering changes in history of 
building and construction, a similar conclusion is appealing: when the major changes of con-
struction technologies are depicted in a timescale, their number increases. 

The technologies and processes have evolved mainly by adopting innovatively achievements 
from other sectors. Causes for major changes in construction are rare. Very often there has been 
a combination of new inventions, new spirit and new opportunities that has created a new main-
stream technology. 

The role of the sector as a facilitator for all kinds of human, social and economic activities 
supports this view. Most likely, this will also take place in the future. Increasing number of 
world population, increasing number of elderly and their increasing share of population, in-
creasing consumption and long-distance hauling are factors that will affect the sector. New rap-
idly growing economies have bottomless needs of buildings and infrastructure. 

3 FORECASTING AND SCENARIOS 
Each generation makes decisions based on their current resources and technology, affecting 
what is available to future generations as modeled also in figure 6 (Loucks 2005). In order to be 
able to create the changes for sustainable development, one needs to understand the current 
technologies and societies, and the trends affecting them. 
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Figure 6. Building the future is building on the past (Loucks 2005). 

 

3.1 Six supertrends 
In the following, the text is based on the book of World Future Society written by E. Cornish 
(2004). According to him, knowing about trends is reasonable because: 

- A special value of trends is that they give us a bridge from the past to the future.  
- By using trends we can convert knowledge of what has happened in the past into knowledge 

about what might happen in the future.  
- Our knowledge of the future is of course very weak and spotty kind of knowledge, but it can 

be used as spotty maps of what may lie ahead.  
- By projecting trends, we come up with concepts of what conditions may be alike in the un-

known future. 
- Knowing trends enables us to make better decisions about what we should do. 

Cornish defines six supertrends that give a way to understand global changes, and can also 
introduce concepts of changing the future: 

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

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

- Improving Health is a result of both technological progress and the economic growth. It 
leads to increasing longevity – which has two important consequences: population growth 
and a rise in the average age of the population. 

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

- Environmental decline continues for the world as a whole because of continuing high popu-
lation growth and economic development. 

- Increasing deculturation occurs when people lose their culture or cannot use it because of 
changed circumstances. In relation to that, the number of languages is estimated to halve 
from 6000 in next one hundred years. Urbanisation also contributes to deculturation. 

3.2 World scenarios 
By projecting the supertrends forward in time, a new scenario or picture can been created of 
what the world might be like at some point in the future, say the year 2040. A scenario is one 
way to think about what may happen in the future. 

A technique that can be applied to many situations is to create not one but more – three to 
five - alternative scenarios. The first assumes that current trends will continue without much 
change. This can be called the Surprise-Free or Continuation Scenario. A second scenario can 
be based on an assumption that things will go better in the future than in the past – call it the 
Optimistic Scenario. A third scenario could envision things getting worse: call it Pessimistic 
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Scenario. Adding these two scenarios forces us to think about the future in the terms of alterna-
tive possibilities rather than as a single preset future. 

We might even add two more scenarios: the Disaster Scenario, anticipating that something 
awful might happen, and a Transformation or Miracle Scenario, in which something absolutely 
marvellous happens. That gives us a set of five scenarios: 

• The future development of a trend, a strategy or a wildcard event may be described in sto-
ry or an outline form.  

• Typically, several scenarios will be developed to decision-makers 
A classification of scenarios: 

• A Surprise-Free Scenario: Things will continue much as they are now. They will not be-
come substantially better or worse. 

• An Optimistic Scenario: Things will go considerable better than in the recent past. 
• A Pessimistic Scenario: Something will go considerable worse than in the past. 
• A Disaster Scenario: Things will go terribly wrong, and our situation will be far worse 

than anything we have previously experienced. 
• A Transformation Scenario: Something spectacularly marvellous happens – something we 

never dared to expect. 
In the report “Energy 2050”, World Scenarios are presented in three classes, in which the 

transformation scenarios are titled as “Great Transitions” (IEA 2003, based on Gallopin et al 
1997). These scenarios examine visionary solutions to the problem of sustainability, through 
fundamental changes in values and in socioeconomic arrangements. In these scenarios popula-
tion levels are stabilised at moderate levels and materials flows through the economy are dra-
matically lowered as a result of lower consumerism and use of environmentally friendly tech-
nologies. The Eco-communalism scenario represents a regionalist and localistic vision 
characterised by small-is beautiful and autarkic concepts. The New Sustainability Paradigm 
scenario shares some of these goals but tries to build a more humane and equitable global civili-
sation rather than retreat into localism. 
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Figure 7. A set of World Scenarios (IEA 2003). 

 
In the macro-economic scenarios of PWC (Hawksworth 2006), the following alternative sce-

narios are used for the future evolution of global energy consumption and carbon emissions: 
- a Baseline Scenario in which energy efficiency improves in line with trends of the past 25 

years, with no change in fuel mix by country; it should be stressed that this is intended as 
a “business as usual” scenario to act as a benchmark against which to assess the need for 
change, rather than as a forecast of the most likely outcome; 

- a Scorched Earth Scenario in which energy efficiency improvements are 1% per annum 
lower than in the baseline scenario, with no change in fuel mix; this might be associated 
with major technological advances leading to sifnificantly lower fossil fuel extraction 
costs and associated reductions in energy prices that destroy the economic incentives for 
energy efficiency improvements and substitution into non-fossil fuels; 

- a Constrained Growth Scenario which is as in the baseline except that there is a signifi-
cant shift from fossil fuels to nuclear and renewables ebergy by 2050: 
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- a Green Growth Scenario in which the green fuel mix assumptions in the previous sce-
nario are combined with energy efficiency improvements 1% per annum greater than in 
the baseline; and 

- a further variant on this scenario called Green Growth + CCS which also incorporates 
possible emission reductions due to use of carbon capture and storage (CCS) technolo-
gies. 

3.3 Climate Change scenarios and construction 
For about a thousand years before the Industrial Revolution, the amount of greenhouse gases in 
the atmosphere remained relatively constant. Since then, the concentration of various green-
house gases has increased. The amount of carbon dioxide has increased by more than 30% since 
pre-industrial times and is still increasing at an unprecedented rate of on average 0.4% per year, 
mainly due to the combustion of fossil fuels and deforestation. 

International Panel on Climate Change (IPPC 2009) has gathered and analysed data, mod-
elled world climate and produced reports. It has defined several emission scenarios that are used 
as tools to evaluate impacts of various actions and policies as described below. 

 
Box SPM.1: The emission scenarios of the IPCC Special Report on Emission Scenarios 
(SRES) 
A1. The A1 storyline and scenario family describes a future world of very rapid economic 
growth, global population that peaks in mid-century and declines thereafter, and the rapid in-
troduction of new and more efficient technologies. Major underlying themes are convergence 
among regions, capacity building and increased cultural and social interactions, with a sub-
stantial reduction in regional differences in per capita income. The A1 scenario family devel-
ops into three groups that describe alternative directions of technological change in the en-
ergy system. The three A1 groups are distinguished by their technological emphasis: fossil 
intensive (A1FI), non-fossil energy sources (A1T), or a balance across all sources (A1B) 
(where balanced is defined as not relying too heavily on one particular energy source, on the 
assumption that similar improvement rates apply to all energy supply and end use technolo-
gies). 

A2. The A2 storyline and scenario family describes a very heterogeneous world. The under-
lying theme is self-reliance and preservation of local identities. Fertility patterns across re-
gions converge very slowly, which results in continuously increasing population. Economic 
development is primarily regionally oriented and per capita economic growth and techno-
logical change more fragmented and slower than other storylines. 

B1. The B1 storyline and scenario family describes a convergent world with the same global 
population, that peaks in midcentury and declines thereafter, as in the A1 storyline, but with 
rapid change in economic structures toward a service and information economy, with reduc-
tions in material intensity and the introduction of clean and resource efficient technologies. 
The emphasis is on global solutions to economic, social and environmental sustainability, in-
cluding improved equity, but without additional climate initiatives. 

B2. The B2 storyline and scenario family describes a world in which the emphasis is on local 
solutions to economic, social and environmental sustainability. It is a world with continu-
ously increasing global population, at a rate lower than A2, intermediate levels of economic 
development, and less rapid and more diverse technological change than in the B1 and A1 
storylines. While the scenario is also oriented towards environmental protection and social 
equity, it focuses on local and regional levels. 

 
 

An illustrative scenario was chosen for each of the six scenario groups A1B, A1FI, A1T, A2, 
B1 and B2 (figure 8). All should be considered equally sound. The SRES scenarios do not in-
clude additional climate initiatives, which means that no scenarios are included that explicitly 
assume implementation of the United Nations Framework Convention on Climate Change or the 
emissions targets of the Kyoto Protocol. 
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Figure 8. An illustrative scenario for each of the six scenario groups of IPCC (2009) 
 
The impacts of Climate Change are foreseen to be multitude, and vary in different areas of 

the world. The most dramatic consequence are expected be the rise of sea level. Qualitatively, 
the impacts are described in figure 9. 
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Figure 9. Impact of Climate Change on the built environment. 

4 SUSTAINABLE CONSTRUCTION PRO OPTIMISTIC SCENARIO 
The building and construction sector is “a key sector for Sustainable Development both in terms 
of the important benefits it contributes to society and the considerable negative impacts it may 
cause if appropriate considerations are not given to the entire life span of buildings”. This kind 
of statement is a rationale for the Sustainable Building and Construction Initiative of the United 
Nations Environmental Programme (2006). The Initiative aims at 

- establishing global baselines for sustainable development in this sector; 
- enabling tools and strategies enabling companies to meet those baselines; 
- implementing pilot projects to showcase such practices; 
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- promoting and supporting adoption of those tools and strategies by governments and 
other sectors influencing the conditions for the sector. 

In 1994, CIB - International Council for Research and Innovation in Building and Construc-
tion, defined the goal of sustainable construction as “…creating and operating a healthy built 
environment based on resource efficiency and ecological ”. CIB articulated 7 principles of Sus-
tainable Construction: 1) Reduce resource consumption (reduce); 2) Reuse resources (reuse); 3) 
Use recyclable resources (recycle); 4) Protect nature (nature); 5) Eliminate toxics (toxics); 6) 
Apply life-cycle costing (economics) and 7) Focus on quality (quality). According to Kibert 
(2005) the Principles of Sustainable Construction should be applied across the entire life cycle 
of construction, from planning to disposal (deconstruction). 

The choice of appropriate technology in terms of sustainability is based on different indica-
tors and criteria depending on assessment methods. They may be used in evaluation of a build-
ing, enterprise, sector or even a simple construction product, expressed by the aid of parameters. 
There exist different approaches to develop and use the indicators due to the local character of 
the sector and differences of societies, environment and geography.  

The indicators and accordingly the parameters are organized according to environmental, 
functional, economic and social criteria, often the two latter ones being combined. According to 
the European co-operative project CRISP, the Sustainable Development issues are:  

 
 

1 Environmental: Natural raw materials including use of water. Bio-diversity. Energy. Environ-
mental pollution. Land use. 

2. Economic: Economic development and finance; indicators dealing with costs, productivity profit-
ability. Production and consumption; indicators describe the quantity or quality of production or 
consumption. Urban and community services and responses; indicators dealing with economic 
responses etc.. 

3. Social: Access; access to buildings and built environment, barrier-free use, access to information, 
affordability. Safety and security; including crime, fear of crime, home safety, road safety, fire 
safety, industrial hazard, natural hazard, natural catastrophe. Health and comfort including sense 
of well-being (with regard to housing etc.). Community responses; including social support, so-
cial exclusion, vitality of city/community/centre, stewardships, education for and understanding 
of sustainable development with regards to buildings and built environment, adaptive manage-
ment ability, environmental management, spatial segregation, equity of minorities with regard to 
housing etc Cultural heritage. 

 
In the report of the European Monitoring Centre for Change (emcc 2005), a list of trends af-

fecting the construction sector is presented. About environmental sustainability, the report says: 
“The importance of environmental sustainability will increase in the future, based on demands 
from customers, climate changes and legislative measures. Solutions are thus often based on 
combinations of construction and building design and new materials. This includes, for exam-
ple, the use of passive heating and implementation of new technologies/materials, such as 
photovoltaic solar cells to generate electricity for heating and energy requirements in buildings. 
Operators in the construction sector need to upgrade continuously their knowledge of new de-
signs, building methods and materials. In order to stay ahead of competitors, construction com-
panies are obliged to innovate their own products and processes to support sustainable devel-
opment.” 

Sustainability awareness is rising among public and private users of buildings and construc-
tions. The sustainability trend spans the whole life cycle of a building. In the construction proc-
ess, various aspects should be taken into consideration: 

- re-using existing built assets; 
- designing for minimum waste; 
- minimising energy use throughout the life cycle; 
- avoiding pollution; 
- adding to bio-diversity; 
- conserving water resources; 
- respecting people and communities. 
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This very brief introduction to the achievements, technologies and burdens of the building 
and construction sector aimed at opening new interests of young researchers to their future 
working career. The role of civil and structural engineering is of fundamental importance when 
the principles of sustainable construction are realized in practice, and when new approaches and 
solutions are to be developed. 

There are plenty of challenges to all professionals. There are needs to research effects of Cli-
mate Change, and develop good practices. There are needs to study and develop methods and 
technologies to recycle materials and components. There are needs to repair buildings, infra-
structure and nature. There are needs to learn new working methods in all areas. All in all: the 
building and construction sector faces globally new young forces to contribute to sustainable 
construction. 
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1 INTRODUCTION 

The long term durability of building structures depend typically on several factors, but the first 
stage for evaluation of durability and service life consist on evaluation of the exposure condi-
tions (ISO 15686-1): e.g. climate, type of local environment, building type and orientation, de-
sign and details of the structure. For wood material, the microbes play often a key role for the 
durability of material, especially in high humidity conditions. The microbial activity is often 
highest in the tropical and subtropical climate and lowest in the boreal and arctic climate. There 
are several climatic approach for biological activity. Koeppen's climate classification was origi-
nally developed for the botanical and agricultural use, but it will give an overview on the world 
macro-climate mapping for environmental biological activity. There are several main climate 
areas based on temperature and precipitation. A new version of the climate classification was 
presented by Kottek et al (2006). 

For evaluation of the effect climate on decay development, the Scheffer index was developed 
(Scheffer 1971), and it has long been used for mapping the decay hazard areas in the USA. In 
Europe, EuroIndex for decay development has been presented (Grinda and Carey 2004, Van 
Acker 2003). Brischke and Rapp (2007) found a poor correlation between decay rate and cumu-
lative Scheffer index values over the 4 years double decking test at 22 sites in Europe. Dawson 
et al (2005) used two Climate Index (CI) models to compare the climate of Braunschweig, Ger-

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

H.A. Viitanen, T. Toratti, R. Peuhkuri, T. Ojanen & L. Makkonen 
VTT Technical Research Centre of Finland, Espoo, Finland 

ABSTRACT: During their functional life, building and building components are exposed to 
several environment conditions in numerous ways. For wood material, moisture stress and bio-
logical factors like mould and decay fungi are often critical, especially in cladding and decking 
structures in exterior use conditions. For mould and decay development, different mathematical 
modelling exists based on laboratory and field studies. These can be used also for evaluating the 
different material properties for durability and service life of wooden products. In the future, the 
life time expectations and analyses of different building products will need more data on the du-
rability of products, service life and resistance against mould and decay, not only data on wood 
material itself. The first step to evaluate the exposure conditions is the macroclimate conditions. 
The driving rains, moisture, temperature and also the solar radiation are the most important fac-
tors. The mould and decay models can be incorporated with climatic and building physic mod-
els to evaluate the effect of different exposure conditions on the durability and service life of 
wooden products. These models can be used to support the service life evaluation of building 
and building components. A basic method for service life evaluation is the factor method pre-
sented in the standards ISO 15686. For wooden components, the most important factors are 
wood material and coatings, design and execution of structure, exposure conditions of environ-
ment and maintenance of the wood structure and surface. A simple evaluation and calculation 
programme “EnnusPuu” or “Service Life Evaluator” can give practical help to evaluate the ef-
fect of critical factors for the service life of wooden components. 
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many and Rotorua, New Zealand: a) CIEU and b) CIJ, which are based on a) global radiation, 
days of rainfall and total precipitation, or b) mean of monthly highest temperature, total sun-
shine and number of rainy days. In Australia the decay development in above ground in differ-
ent climatic conditions was modelled using lap-joint field test results and weather conditions of 
the sites, and also a software for calculating the decay risk was developed (Wang et al. 2008, 
Wang and Leicester 2008). 

The microclimatic means the climate conditions close the materials and structure, and it is a 
result of several simultaneous factors: macroclimate (rainfall, temperature, humidity, air pres-
sure conditions etc.), and meso-climate (location of the building, structural details and the mate-
rials used). The micro-climate conditions are the basic level for building physical and microbial 
activity evaluations. There are several different programmes for evaluate the moisture and tem-
perature behaviour of structure (Ojanen et.al 1994, Künzel 1995). Mathematical models on 
mould development have been introduced to these programmes to evaluate the eventual risk of 
mould growth (Ojanen and Salonvaara 2000, Viitanen and Salonvaara 2001, Sedbauer 2001, 
Moon 2005, Viitanen et al. 2009). 

For durability aspects, there are so many factors that mathematical models are needed to han-
dle the complicated relations (Leicester et al 2003, Wang et al 2008). For micro-climate level 
close the studied structure the time of wetness is a useful factor when evaluating e.g. risks for 
corrosion of steel structures or mould growth on materials, but it alone does not give adequate 
information about the durability risks for organic, wooden materials. Long period, high moisture 
levels may start biological growth on timber surfaces, first mould or stain fungi and finally de-
cay (Viitanen 1996). The time of wetness in the exterior climate, however, does not necessary 
correspond with the time of wetness in different parts of the building envelope. 

The ISO factor method includes several general factors in order to evaluate the service life of 
building components for different performance requirement levels (ISO 15686-1, 2006). Service 
life means the period of time after installation during which a building or its parts meets or ex-
ceeds the performance requirements, which means the minimum acceptable level of a critical 
property, and can be defined as limit states. The life time expectations and analyses of different 
building products will need more data on the durability of products, service life and resistance 
against mould and decay, not only data on wood material itself. The complicated interaction of 
different factors may be analyzed using different mathematical models. 

2 CALCULATIONS OF THE EXPOSURE CONDITIONS FOR SERVICE LIFE 

The type of data which is needed depends on the type of exposure and degradation mecha-
nism considered. Moisture and temperature is generally very important factors for biological 
and chemical processes, the acting factor for the durability of materials is the humidity / mois-
ture and the temperature close the materials. In the first stage, climate data are needed at the 
boundary of the wood element for evaluate the microclimate conditions. The conditions of mi-
croclimate depend on varied and many factors. The starting point here is meteorological data 
defining the “regional climate” in the area where the building is situated. Examples of data are 
temperature, relative humidity, solar radiation, rain and wind intensity and duration. The next 
step is to define the “local climate”, i.e. the climate conditions close to the building but still un-
disturbed by the properties of the wood material and the shape of the structure. Local climate 
depends on e.g. building components shadowing solar radiation and rain such as a roof over-
hang. 

The micro climate, which could be evaluated from regional and local climates, can be ex-
pressed as  

 The equivalent air temperature close to the structure and the temperature distribution 
 Humidity and wetness at the surfaces and moisture conditions of the materials 
 Solar radiation on the surface. 

The climatic parameters need to be estimated in terms of variability, extreme values and time 
variation. Data are also needed for critical states leading to decay, mould growth or other unde-
sirable effects (Viitanen 1996). This can be a critical moisture threshold often dependent on the 
duration of the moisture exposure, temperature, type of wood material considered etc. This may 
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be seen as a material property, whose variability also has to be taken into account in a risk based 
design procedure (Isaksson 2008). 

The time of wetness can be calculated by summing up the length of time over one year when 
the relative humidity RH is above 80 or 95 % at the same time when temperature is above 0oC. 
The atmosphere can be characterized in relation to its fatality by calculating the time of wetness 
using the temperature and the relative humidity of the ambient air. The time of wetness in the 
building envelope parts, however, does not necessarily correspond with the time of wetness in 
the exterior climate. The time of wetness may be high in the building structure even in cold and 
dry climates if the moisture performance of the structure is poor. 

A basis for a quantitative probability based design is the definition of a so called limit state or 
performance degree (Figure 1). This is a more or less precise definition of the limit between ac-
ceptable performance and non-acceptable performance. An example is onset of mould growth in 
materials in the building envelope, which can be regarded as non-acceptable since it may create 
aesthetic and health problems in a building. This is comparable to a serviceability limit state for 
structures. Another example is attack from decay fungi, which will reduce the capacity of a load 
bearing structure. During the life time of a building, different level of maintenance and repair 
will be needed for acceptable performance. For wood material in exterior use, the maintenance 
is normally involved for the service life evaluation depending on the exposure conditions and 
structure. 
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Figure 1. Building performance life cycle as a function of quality, performance degree (PD), failure, 
maintenance, refurbishment, repair and replacement (based on ISO 15686-7, 2006). 

 
The Scheffer (1971) index is developed to evaluate the decay risk in different parts of the 

USA based on temperature and distribution of rainfall. The Scheffer index may give an over-
view on the macroclimate conditions for decay development but it does not take account the lo-
cal and macroclimate conditions. Morris et al (2008) presented a new map based on the index.  

In Europe, Francis and Norton (2006) found the Scheffer Index to correlate better with decay 
rates in L-joint tests when data from one hot day site was excluded. In Australia the decay de-
velopment in above ground in different climatic conditions is modelled and also a software for 
calculating the decay risk is developed (Mackenzie et al 2007, Wang et al. 2008). The climatic 
data used for the modelling (Wang and Leicester 2008) were: annual rainfall (mm/year), number 
of dry months (months/year), number of rain days (days/year), time of wetness (hours/years), 
dry-bulb temperature (°C), wet-bulb temperature (°C), wind speed (km/hr) and wind direction 
(degrees from the north). Also the data on decay in ground contact and termite attack connected 
to climatic data is used for modelling (Leicester et al. 2003a,b). In the Australian studies (Wang 
et al 2008), an exposure mapping of decay development in different part of Australia was based 
on the results of outdoor field tests conducted in the different part of Australia using the climatic 
data mentioned above.  

Dawson et al (2005) used two models to compare the climate of Braunschweig, Germany and 
Rotorua, New Zealand: a) CIEU and b) CIJ, which are based on a) global radiation, days of rain-
fall and total precipitation, or b) mean of monthly highest temperature, total sunshine and num-
ber of rainy days. It was found, that rain fall, sunshine, mean daily global irradiance and mean 
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daily temperature were higher in Rotorua than these in Braunshweig, but the mean daily relative 
humidity was higher in Germany. The New Zealand site had a climatic index 50% more chal-
lenging for performance of wooden products. 

In Europe, Brischke and Rapp (2005, 2007) and Brischke (2007) have evaluated the effect of 
different test conditions on the decay development in different wood species. In sapwood and 
heartwood, the decay development was different depending on the exposure conditions, and the 
average weather data was not sufficient for estimation decay development. Brischke and Rapp 
proposed a roadmap to specify the performance of wood durability, and a COST decay index 
has been started to develop. An example of the European work is the on-going Woodexter pro-
ject, where a new format of the basic decay model according to Viitanen (1997b) was developed 
(Viitanen et al. 2009). 

3 EVALUATION AND MODELLING THE EXPOSURE CONDITIONS FOR MOULD 
AND DECAY DEVELOPMENT 

3.1 Critical part of the building as an exposure model 

The technical function of the cladding or facade is to protect building against weather. Cladding 
can be fully or partly protected / exposed depending on the design (Figure 2). According to the 
standard EN 335-1, the use conditions of wood and wooden products are classified for the 
evaluation of the activity of different biological agents to wooden structure. The classification 
is, however, very general, and in reality, many details are often important for the durability and 
service life of the whole structure or building. The evaluation of the exposure conditions can be 
performed at general macroclimate level like using European Climatic simulation model (Up-
pala et al 2005) and at a building component level using building physics calculation pro-
gramme like WuFi (WuFi). 

The aim of the evaluation work of service life of wood products is to simulate and calculate 
the complicated interactions of different factors of exposure of gladding and decking. Climate 
data simulation will give an overall estimation of the macroclimate part of the exposure of ideal 
or model structure. The more complicated interaction of the meso-climate like the effect of en-
vironment and structural components (driving rain, details) will be evaluated using a WuFi pro-
gramme. The response of the exposure to decay development will be evaluated using a new 
model developed on the basic work (Viitanen 1996). 
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Figure 2. A general exposure situation of wooden products used in different structure and exposure types. 
The suggestion of use class evaluation for develop the use condition classification is also shown (Viitanen 
et al 2009). 
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3.2 Modelling development of mould or decay 

3.2.1 Mould 

Ambient microclimatic conditions, especially moisture conditions, are the most important fac-
tors for durability of wood and the classification of use conditions is based on the evaluation of 
the water exposure during the use. One of the first biological signs of ageing is mould growth 
that does not affect durability as such but can cause discoloration and health problems. Discol-
oration is often connected also to paint and surface treatment properties. The first isoplets 
(graphs on critical humidity and temperature) or models for mould growth were based on the 
laboratory studies on agar culture using different mould fungi (Ayerst 1969, Block 1953, Smith 
and Hill 1982, Grant et al. 1989). On the base of results, different functions or s.c. isoplets and 
critical humidity and temperature levels for spore germination and mould growth were devel-
oped (Figure 3). 
 

 
Figure 3. Relative humidity and temperature for the start of mould growth (Sedbauer 2001). 

 
The time-of-wetness or varied humidity and temperature conditions is important for the 

mould development (Adan 1994, Viitanen 1996). The TOW is defined by the ratio of the cyclic 
wet period (RH>= 80 %) and the cyclic dry periods. For mould development, the ambient criti-
cal humidity level of microclimate is between RH 80 and 95 % (Fig. 4a) and time of high hu-
midity followed by dry periods is important (Fig. 4b) and varied cyclic conditions can be taken 
under consideration and basic information for modelling (Hukka and Viitanen 1999). 
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Figure 4 a,b. RH and temperature isoplets as a function of time for start of mould growth (left) and effect 
of wet time (high humidity) on the development of mould growth (right) in pine sapwood (Viitanen 1996, 
Viitanen et al 2003). Modelling is based on large laboratory work (Viitanen 1997a). 
 

The models on biodeterioration and mould growth can be used as a tool for building physic 
performance and service life evaluation. Sedlbauer (2001) has evaluated the spore moisture con-
tent and germination time based on calculated time courses of temperature and relative humidity 
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in various positions of the exterior plaster of an external wall. This model has been incorporated 
in a hygrothermal calculation tool Wufi (Wufi). Ojanen and Salonvaara (2000) have used the 
“VTT mould growth model” implemented in another building physic simulation model 
TCCC2D for evaluate the risk of mould growth in different humidity exposure conditions in 
building envelope. Isaksson (2008) has presented the state of art situation on methods to predict 
wood durability. 

3.2.2 Decay 
 
Decay is the more severe result of high moisture exposure of wooden structures when the mate-
rials are wet for long periods. Mould growth and decay development are separated processes 
and also the models will be different. For start of the growth of decay fungi and decay develop-
ment, the ambient critical humidity level of microclimate should be above RH 95 – 100 % and 
moisture content of pine sapwood above 25 – 30 % (figure 5). 
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Figure 5. RH and temperature isoplets as a function of time for early stage of decay development in pine 
sapwood (Viitanen 1996, 1997b). 

 
The humidity and moisture limits were based on large laboratory work on pine and spruce 

sapwood (Viitanen 1996). According to experience, the decay will develop when moisture con-
tent of wood excess the fibre saturation point (RH above 99.9 % or wood moisture content 30 
%. Morris et al. (2006) have modelled decay development in wooden sheathing and found the 
critical ambient humidity condition for decay development is around RH 98 - 99 %, depending 
on the temperature and exposure time. 

On the basis of the laboratory work on the decay development of brown rot in spruce and 
pine sapwood in different constant relative humidity and temperature conditions a decay model 
was presented by Viitanen (1996). The decay growth model, expressed as mass loss, thus only 
applies in temperature ranges of T= 0...30 0C and in relative humidity's 95% and above. It is 
noted that mass loss does not occur immediately when the wood is exposed to these environ-
ments (Figure 4). Thus, there is a time lag or as named here, and activation period in the begin-
ning. Based on the experimental findings presented above, a model for variable conditions is 
proposed. This model is a time stepping scheme. The development of decay is modelled with 
two processes: 

a) Activation process: 
This is termed as α parameter, which is initially 0 and gradually grows depending on the air 

conditions to a limit value of 1. This process is able to recover favourable conditions (dry air) at 
a given rate (although no experimental evidence of recovery is available). 

b) Mass loss process: 
This occurs when the activation process has fully developed (α=1) otherwise it does not de-

velop. This process is naturally irrecoverable. 
These processes only occur when the temperature is 0…30 0C and the relative humidity is 

95% or above. Outside these condition bounds, the activation process may recover, but the mass 
loss process is simply stopped. The activation process is as given in the following equations. 
The recovery rate (when the air conditions are out of the bounds given above) is assumed to be 
17520 [h] (2 years). This time means that α may recover from a value of 1 back to 0 in this time, 
when the conditions are outside the bounds of decay growth. 
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The mass loss process proceeds the activation process, when α has reached 1. 
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3.3 Modelling the exposure conditions for decay resistance 

For evaluation the climatic exposure conditions, the empirical wood decay model presented in 
the chapter 3.2.2 can be used for the ERA-40 data for air temperature, humidity and precipita-
tion at 6 hour intervals. ERA-40 is a massive data archive produced by the European Centre of 
Medium-Range Weather Forecasts (ECMWF). The reanalysis involves a comprehensive use of 
a wide range of observational systems including, of course, the basic synoptic surface weather 
measurements. The ERA-40 domain covers all of Europe and has a grid spacing of approxi-
mately 270 km. The nature of the data and the reanalysis methods of ERA-40 are described in 
detail in Uppala et al. (2005). 

The resulting modelled mass loss in 1961-1970 at the calculation points of the ERA-40 grid 
were analyzed by a chart production software producing a maps of wood decay in Europe (Fig-
ure 6). In these calculations, the α–factor of the empirical wood decay model was reduced dur-
ing non-decay periods by the rate that corresponds to the recovery time of two years. 
 
  

 
Figure 6. Modelled mass loss (in %) of small pieces of pine wood that exposed to rain in 10 years in 
Europe (according to Toratti et al 2009). 
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In the simulation, the calculation was based on the relative humidity and temperature in air so 
that the humidity of air was set to 100% during precipitation, at non-freezing temperatures. The 
present maps on Europe of decay development are based on evaluation of decay activity studied 
in laboratory. However, they will give theoretical evaluation on the effect of climatic conditions 
on the decay development in different geographical area. 

3.4 Using a model in variable temperature and relative humidity 

The model presented in chapter 3.2.2 is used here to see how the decay growth would develop 
in varied humidity and temperature conditions. In the first case, the measured weather condi-
tions in Helsinki area of temperature and relative humidity is given (origin of data to be given). 
This climate is shown in the figure 7 for a one year period. According to the model, this climate 
seems to induce a low mass loss of 1.1 % in 4 years (Figures 8 and 9). 

During the first year, no decay development will occur in untreated pine sapwood. After 3 
and 4 years exposure, some early findings on decay process only in the surface of unprotected 
pine sapwood can be expected. Under normal use conditions, the cladding is protected using 
paints or other coatings when water will not affect direct to wood surface and decay develop-
ment will be significant retarded or even neglected in the surface. 
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Figure 7. Measured climate data (Helsinki) used in the decay model for one year. 
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Figure 8. No activation of growth or decay development during the first and second years. 
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Figure 9. An activation of decay process after 4 years exposure may be expected (Viitanen et al 2009). 

 
When applying the models for evaluation of service life in certain microclimatic conditions, 

the great natural variability of materials, coatings, structures, different treatments and organisms 
should also be taken into consideration (VanAcker et al 1999). Different type of microbial 
growth will be found on stone based material and on insulation material than that on wood ma-
terial. The ageing of material and accumulation of dust and other material on the surface of 
building material will change the response of the material to moisture and biological processes. 
(Theander et al 1993, Sedbauer 2001, Viitanen et al 2003. 

4 SERVICE LIFE EVALUATION OF WOOD PRODUCTS AND COMPONENTS 

The long term durability of building structures depend typically on several factors, but the 
important stage for evaluation of durability and service life consist on evaluation of the expo-
sure conditions. The ISO 15686 identifies a wide range of parameters important to Service Life 
Prediction:  

A= Quality of components e.g. wood natural durability, treatment and coatings 
B = Design level e.g. protection by design 
C= Work execution e.g. joints and details 
D= Indoor environment, e.g. temperature, RH, condensation 
E= Outdoor Environment e.g. climate, driving rain, shadow 
F= In use conditions e.g. wear, mechanical impacts 
G= Maintenance level e.g. repair, revisions, repainting 
 
For wood materials and components, the factors B, C, E and G are obvious the most impor-

tant (Vesikari et al 2001, Viitanen 2005). However, values for these parameters could be deter-
mined regionally, taking into account all the local effects of the external factors considered to be 
important. The quality of components means different wood species, including sap and heart-
wood parts (Table 1). Natural durability of wood, however is mainly based on heartwood only 
(EN 350-2, 1994). Wood based products, however, include different impregnated and modified 
products which give more vide use conditions. According to Brischke et al (2006), the overall 
consideration of all possible influences of decay and service life of wood products should be 
taken care for reliable evaluation and database of wood durability. For normal use condition in 
Nordic Countries, the coated spruce boards and paint base film coated birch plywood have been 
used for long time in exterior conditions without any significant durability problems when best 
practices are followed (Viitanen et al 2008b). In the table 1 a list of factors for service life of 
wooden claddings are presented. The list is long and shorter list for practical solution and use 
may be needed. For decking, the effect of wood material is more important than that for clad-
ding. For decking material, most often impregnated or modified wood is used. 
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In Task Force Group of COST E 37 (2007) much of the discussion ranged around the subject 
of service life evaluation and durability testing. It was accepted that a great deal of work needs 
to be done to determine values for the relevant parameters. However, it was recognized that if 
certain parameters are understood and controlled they should be taken into account when esti-
mating service life or specifying the level of durability required. What would be needed to align 
with ISO 15686 is a system that allows establishment of a durability rating from the existing test 
methods. These would then be used to set a value for Factor A (quality of components) to cover 
e.g. treated commodities in each Use Class. The durability classes would then be related to ac-
cepted reference products used within the biological tests. It is increasingly recognized that 
there is a need to determine a range of effectiveness and define durability of components within 
a range, as is done with natural durability of wood. For relationship of damage and strength 
properties of wood, decay have an important effect. The effect of mass loss, however, is de-
pending on the timing, decay type and the sample size focused (Van de Kuilen 2007). 

Use classes presented in standard EN 335-1 (see Figure 2) will give a general overview on 
exposure conditions of wood and wooden products in different intended use conditions classi-
fied according to the expected biodeterioration risks (discoloration and decay fungi, insects, 
termites and marine organisms) and ambient humidity conditions close the evaluated material 
and structure (microclimate conditions). The use classes can be used as a guide for designing 
and manufacture of wooden products. Service life evaluation, however, is more fitted to the ac-
tual situation of material and structure. The evaluation may be more complicated (as shown in 
the Table 1) or more simple based on the classified simple construction and material types.  

 
Table 1. Factors for service life of wooden facades 
Code Factor Parameters / factors for estimated service life 
A 1 Wood material Wood species, decay and weather resistance, water permeability, 

board quality, dimension, modification, preservation 
A 2 Coating Coating type and properties (thickness, opacity, color), needs for 

repainting (maintenance) 
B Structure, design, espe-

cially details 
Structure of the houses: eaves, height of the wall and foundations. 
Structure of the façade; board type, bonds and joints, ventilation, 
protection of joints and end grains, fixing 

C Work execution Achievements and treatments details, fixing, wood moisture con-
tent, storage condition 

D Exposure conditions 
(weather, environment) 

Point of compass, type of environment (protective – exposed) mac-
roclimate- > microclimate, exposure to driving rains 

E Use conditions Indoor environment, moisture stress, mechanical inkuries 
 

F Maintenance Care of accidental damage, serviceable, repainting (opaque – stains) 
time of repaint, cleaning of the old surface 

 
The service life evaluation model of EnnusPuu (Viitanen 2005) developed at VTT is based on 

the factors shown in the Table 1. A simplified figure on the systems is shown in the Figure 10. 

5 CONCLUSIONS 

For service life of wood products, modelling of biological deterioration will give a tool to 
evaluate the effect of environmental exposure to performance of wood in exterior conditions. 
These models can also be as basic knowledge for developing the service life evaluation methods 
for wood products and structure. Factor method presented in the ISO 15686 can be used as a ba-
sic methods for evaluate the service life of wooden cladding. 
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Figure 10. An example on service life evaluation calculation based on “EnnusPuu” VTT programme (a 
first version presented by Viitanen 2005). 
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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 15686:2000 standard series “Build-
ing and construction assets – Service life planning” and ISO 13823:2008 “General principles on 
the design of structures for durability”. 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 degra-
dation (fib Bulletin No.34, 2006). 

This paper presents some general remarks on SLD of reinforced concrete structures design 
for service life with emphasis on probabilistic approach. Phases of the deterioration course due 
to carbonation, chlorides and other aggressive agents attack, freeze-thaw deterioration of con-
crete, initiation and evolution of the reinforcement corrosion, cracking and spalling of the con-
crete cover are discussed in brief. General overview of the modeling of different corrosion dete-
rioration 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 fac-
tors, 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 prob-
ability 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. In order to guarantee sufficient lifetime 
durability for concrete structures, time-variant and fully probabilistic methods should be used. 

Service life design of reinforced concrete structures - Alternative 
probabilistic approaches 

Sz. Wolinski 
Rzeszow University of Technology, Rzeszow, Poland 

ABSTRACT: The paper presents some general remarks on service life design of reinforced 
concrete structures with emphasis on probabilistic approaches. The effects of deterioration of re-
inforced concrete are treated in a similar way as mechanical failure mechanisms and is dis-
cussed, studied and regarded in deterioration models. To deal with uncertainties involved in 
modeling deterioration mechanisms of reinforced concrete and performance decrement, prob-
abilistic methods are the most suitable. The required levels of reliability related to structural re-
sistance, serviceability and durability can be achieved by combinations of measures relating to: 
design calculations, quality management, accuracy of the mechanical models used, detailing, 
adequate inspection, etc. The presented approach is illustrated through an example application.  
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In some cases time dependent failure modes may be transferred into corresponding time inde-
pendent mode for instance: when individual time-varying variables can be modeled by the dis-
tribution of the maximum or minimum value within a given period, in case of the continuous 
ergodic processes the outcrossing approach can be applied, e.g. in the form of Rice’s formula, 
application of intermittent processes, finite elements method, spectral analysis for nonlinear sys-
tems, and other special methods. 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 du-
rability can be achieved by combinations of measures relating to: design 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 REINFORCED CONCRETE DETERIORATION 

Deterioration of reinforced concrete elements and structures is a natural consequence of the age-
ing process. Structures are prone to deterioration due to: reinforcement corrosion, chemical in-
fluences, 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 chloride 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 ex-

pansion of its products and formation of cracks, 
- ettringite formation; expansion during crystallization and separation of concrete com-

ponents, 
- 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 deicing salts or not: 

- cracking, scaling and spalling leading to loss of structural integrity and strength of con-
crete. 

 
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 REMARKS ON MODELLING OF THE DETERIORATION 

In most cases mechanisms that cause deterioration of reinforced concrete are based on penetra-
tion of chemicals in concrete. In this paper only corrosion of the reinforcement due to carbona-
tion and chlorides penetration through the concrete cover, cracking and spalling of the concrete 
as well as reduction of the diameter of rebar are considered. The development of corrosion over 
time may be described as a multi-stage process shown in Fig. 1. (Bertolini et al, 2004). 

Corrosion initiation time tcor is defined as the period during which carbon dioxide or chloride 
ions penetrate the concrete cover and reach the reinforcing steel bars. Using the Fick’s law of 
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diffusion the rate of aggressive agents penetration into concrete as a function of time and depth 
can be calculated with: 
 

   tDxxerfCtxC c/2/(1),( 0                                                                                         (1) 

 
where ),( txC  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 coeffi-
cient, erf(.) is the error function. 
 

Many different modifications of the formula (1) were proposed in the literature, for example 
the Duracrete model ((DuraCrete, 2000): 
 

  



  ]))/([2/(1),( 00 tttKDxerfCtxC Cln

c                                                                     (2) 

 
where K is an empirical coefficient (taking account of various influences), t0 is the reference 
time and Cln  is the material dependant reduction exponent. 
 
 
      stage of corrosion                                               tcor  – corrosion initiation time 
                                                                                  tcrc  – crack initiation time 
                                    propagation                           tspl  – spalling of concrete cover time 
                                                                                  tcol – collapse time 
        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 following equation (Liu & 
Weyers, 1998): 
 
  )(/)(/)( tWtkdttdW rustrustrust                                                                                          (3) 
 
where Wrust is the amount of rust products in time t, )(tkrust  is the factor proportional to the an-
nual 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, e.g. equation (3), or by means of semi-empirical or 
empirical formulas (Thof-Christensen, 2000). 

The existing analytic models of reinforced concrete deterioration contain a number of pa-
rameters. For those parameters a number of indicative values have been given. However, these 
values have not yet been sufficiently verified.  

4 STATISTICAL QUANTIFICATION OF THE VARIABLES  

Many sources of uncertainty are inherent in models of reinforced concrete deterioration. Most 
variables and parameters in these models are random variables. Moreover, in many cases they 
are time dependant and show spatial variation. 
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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 = 0.170.91, 
- the critical concentration of aggressive agents at rebar surface; N distribution,            

v = 0.170.375, 
- 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 1 +1.8, 

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

- the spalling of concrete cover time tspl ; W distribution, v 0.45, 1 +0.50. 
 

In most cases mechanisms that cause deterioration are based on penetration of chemicals in 

concrete. Unfortunately, the variation in concentration of chemicals (e.g. Cl  ions and 2CO ), 
the variation in microstructure of concrete and the variation in environmental conditions (tem-
perature, relative humidity, wind, solar radiation, etc.), as well as changes in climate during the 
lifetime of structures, play an important role in the analysis of reinforced concrete durability. In 
Fig. 2 scatter in chloride penetration between cores taken from 1m2 of a quay wall is shown, ac-
cording to CUR Committee B82. 

  
                           Chloride as  %  of cement weight 
                  3,0 
 
                  2,5        
 
                  2,0 
 
                  1,5  
 
                  1,0       
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                  0,0    
                       0        10         20         30        40       50        60              
                                                                                        depth  [mm]  
Figure 2. Scatter in chloride penetration within an area of 1m2 (according to CUR Comm. B82). 

 
Many parameters in degradation models show spatial and time variability that is usually 

linked to dependencies on temperature, water binder ratio, humidity and workmanship. Spatial 
variability of physical properties includes systematic and random variation. The influence of the 
spatial variation of physical quantities can lead to significant decrease in structural reliability 
and in service life of concrete structures (Li & Vrouwenvelder, 2007). The background of spa-
tial variation in chemical is not yet well known and should be further investigated. The full de-
scription of the spatial random field of a considered quantity requires modeling with respect to 
its correlation structure in space. The homogeneous Gaussian field may be a helpful tool in the 
statistical description of the fluctuation pattern of spatial random properties. To describe such a 
type of field we need a value for the mean, a value for the standard deviation and the correlation 
function. Unfortunately, there are no reliable test results to estimate these parameters in practice. 
Time variability of a random quantity considered in the service life design of concrete structures 
has been studied in two aspects; as variability connected with concrete age (Meijers, 2003, 
Rooij, Polder & Oosten, 2007), and as variability connected with changes in climate (Nijland et. 
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al., 2009). By way of example, Fig. 3 shows the variation of the chloride ions diffusion coeffi-
cient as a function of concrete age, from extensive testing in 15 laboratories (according to Rooij 
& Polder & Oosten, 2007). 
 

 
Figure 3. Variation of the diffusion coefficient of the Cl ions as a function of concrete age. Solid line is 
the best fit (according to Rooij & Polder & Oosten, 2007). 
 

Changing in climate parameters, such as a temperature, amount and intensity of precipitation, 
evaporation, wind speed, solar radiation, etc., will affect a random properties and durability of 
concrete and reinforcing steel, and should be considered in an extensive analysis of service life 
of reinforced concrete structures. It is remarkable that in last years the concentration of 2CO , 
which is an important factor causing corrosion of reinforcement due to carbonation of the con-
crete cover, is showing tendency to rapid increase (Fig. 4). 

 

 
Figure 4. Concentration of 2CO  in parts per million (ppm) as a function of time (fib Bulletin, 2006). 

5 DESIGN FOR SERVICE LIFE 

In the fib Model Code for Service Life Design (SLD) contemporary ideas and procedures re-
ferred 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 dif-
ferent options for SLD are recommended: 
a) Avoidance of deterioration; it means that sensitivity of the structure should be reduced by: 
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- 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; 

dkm ff /  and kdf SS / , dkR RR / , where: fk, dddkkk SRfSRf ,,,,,  are 

characteristic and design values of material properties, resistance and actions, 
- within the partial factors design the effect of deterioration of structural components is 

usually considered by multiplying the partial safety factor R  by modification factors 
corresponding to different types of deterioration processes and the degree of knowledge 
about the future degradation: 

 
  MPDRR  

0
                                                                                          (4) 

 
where 

0R  is the initial value of partial safety factor corresponding to a certain design service 

life and a specific safety class, MPD  ,,  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 and probabilistic methods, service life de-
sign 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. 

6 PROBABILISTIC METHODS OF DESIGN FOR SERVICE LIFE 

There are at least three most important reasons for application of probabilistic methods of de-
sign for service life: 

- the variation in properties of the concrete and its microstructure, the variation in the en-
vironmental conditions (relative humidity, temperature, wind, etc.) and variation in the 

concentration of chemicals penetrating through concrete (e.g. Cl ions and 2CO ), 

- the resistance )(tR , loads and environmental actions as well as their effects )(tE are 
random functions of time (stochastic processes), 

- the failure probability of an individual section or element usually are usually not repre-
sentative for 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. 5). 
Probabilistic methods can be used for structural design when the set of random events and 

variables can be identified. Two levels of probabilistic methods are usually distinguished: sim-
plified probabilistic methods (First Order Reliability Method FORM and Second Order Reliabil-
ity Method SORM) and full probabilistic method (Nowak & Collins, 2000, ISO 2394, 1988). 
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Figure 5. Illustration of probabilistic determination of service life. 
 
a) Simplified probabilistic methods 
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 ( – index theory). Reliability index is defined as: ZZm  /  where: 

ERZ   is a performance function, R is the resistance, E is the action effect, Zm  and 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 (Thof-Christensen, 2000, Faber & Melchers, 2001): 
 

  222
2121 )...(/)...( ERnERn mm                                  (5) 

 
where: ERER mm  ,,,  are the mean values and standard deviations of the resistance and ac-

tion effects, n ,...,, 21  are correction factors corresponding to a given deterioration proc-

esses, quality of execution, protection and maintenance strategy, etc. 
The  - index design method is based on two assumptions: the probability of failure should 

be equal for each structural element and partial safety indices should be proportional to sensitiv-
ity factors of basic variables. Three optional approaches: distribution-free First-Order Second-
Moment method (FOSM), First-Order Reliability Method (FORM), Second-Order Reliability 
Method (SORM) and Approximate Full Distribution Approach (AFDA) can be applied in prac-
tical design using the  - index method. However, this method can give nonsensical results in 
some quite real cases. Other formally correct simplified probabilistic methods have also been 
presented and discussed in the literature. For instance, the  - index method which is based on 
the following assumptions: the probability of failure should be minimal for each structural ele-
ment and partial safety factors for any particular load should be equal to the load effect factor of 
simultaneous load combination and a partial safety factor of any component material should be 
equal to the resistance factor of the whole composite element (Murzewski, 1998). Nevertheless, 
the conventional  - index method is well developed, commonly known in the world and rec-
ommended in the ISO and European standards. 
 
b) Full probabilistic methods 
In the case of service life design of reinforced concrete reliability aspects are time dependent as 
a result of time dependant degrading mechanisms and fluctuating actions. The point in time 
probability of failure )(tp f  at time t in those cases can be formulated as: 

 
  }0)),(({)(  ttXgPtp f   or  




0),(

)()()(
tXg

Xf tdxtxftp                                                 (6) 

 
where ))(( tXg  is time dependent limit state function and  X(t) is stochastic process. 

34



In time dependent service life design problems, interest usually lies in estimating the fp - value 

over a time interval from 0 to an assumed tsl. For at last one case of failure in the time [0, tsl]: 
 

0)),(({)(  ttXgPtp slf                                                                                                   (7) 
 

The )( slf tp - value could be obtain by integrating )(tp f  over the time interval [0, slt ], tak-

ing into account inter-correlation characteristics in time of the process X(t). Time dependency 
results from time dependent actions, including deterioration of reinforced concrete. Typical 
models of time dependency are as follows: continuous and differentiable process, random se-
quence, point pulse process with random intervals, rectangular wave process with random inter-
vals, etc. 

In some cases time dependent failure modes may be transformed into a corresponding time 
independent mode. There are known several methods of such a transformation that depend usu-
ally on the models of time dependency of major random variables (Karadeniz & Vrouwen-
velder, 2003). 

 When the mechanisms of deterioration are known in advance and can be expressed in 
the form of degradation function )(tg  describing evolution of the structural deteriora-
tion in course of time, the time-variant resistance R(t) may be defined by: 

 

)()( 0 tgRtR                                                                                                                  (8) 
 

where 0R  is the initial resistance, and the full probabilistic approach to durability assessment 

may be applied. An illustrative example presented in chapter 8 shows a practical application of 
this method. 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. 

 In case where an individual time-varying variable is the random process the failure 
probability )(tp f , can be modeled by the distribution of the maximum or minimum 

value within an assumed period of service life slt : 
 

)}({max tpX fsl   or  )}({min tpX fsl                                                                          (9) 
 

For continuous processes, the largest extreme may be approximated by one of the asymptotic 
extreme value distributions. In situations where two or more variables are simultaneously ran-
dom processes of time, the Turkstra’s rule suggests that approximately the maximum value of 
the sum of some independent processes attains its maximum value (Nowak & Collins, 2000): 
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 In case where an individual time-varying variable is the ergodic process X the out-
crossing approach can be applied to calculate the up-crossing frequency in service life 
time )/( sltNv . For a continuous Gaussian process the Rice’s formula can be applied: 
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                                                                                 (11) 

 

where X  is the correlation function and 2/)( XXNk  . 
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In cases where a time-varying variable are the nonergodic process or/and in a so called hier-
archical case where the process contains constant in time or/and slowly and rapidly varying 
parts, the out-crossing approach can be also applied but the calculations are quite cumbersome 
and the upper-bond approximation may be often satisfying. 

 Other methods are also applied for analysis of time dependent reliability problems, 
among other things: nested reliability method, intermittent processes, spectral analysis, 
finite element methods (Karadeniz & Vrouwenvelder, 2003). 

 

c) Techniques of probabilistic calculations 
Several techniques may be used to calculate the failure probability related to structural reliabil-
ity problems. Analytical integration can only be eligible in some simple cases. Numerical solu-
tions are based on application of a transition probability density on closed form valid for small 
time increments and are feasible only for a limited number of random state variables. However, 
application of the simulation-based Monte Carlo methods make possible to obtain approximate 
solutions in case time-variant problems for highly nonlinear performance functions, unknown in 
advance area of integration and large number of random variables taken into account (Nowak & 
Collins, 2000, Wolinski, 2008a, Wolinski, 2008b, Karadeniz & Vrouwenvelder, 2003). 
 

d) Element and structure reliability 
In the practical design of structures we focused almost exclusively on the calculation of the fail-
ure probability of individual cross sections or elements of a whole structure. Since most struc-
tures 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 consists of brittle or/and ductile 
elements which may be correlated or/and uncorrelated. 

Most structures should be considered as combined systems consist of elements or groups of 
elements connected in series and in parallel. The mixed system fails either by a failure of any-
one 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 important in many cases 
(Nowak & Collins, 2000, Wolinski, 2008b). 
 

e) Quality of execution 
Every design methods should take into account a number of factors which influence the service 
life. Some more important factor listed in sequence with their occurrence are: the conceptual de-
sign, the environmental conditions, the choice of structural materials, detailing, execution, main-
tenance, the recorded data quality, etc. Results of the initial inspection and data recorded during 
the life of a structure are essential. It is advised to test the condition of a new structure and to re-
cord the corresponding data in something of the “birth certificate” sort (Walrawen, 2008). Tests, 
inspections and study results relating to realization of random variables may be used for updat-
ing the available data 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. 

7 ACCEPTABLE PROBABILITY OF EXCEEDING LIMIT STATES    

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 (ultimate and serviceability limit states: 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 re-
liability class of a structure (RC1, RC2, RC3), the length of reference period (1 year and 50 
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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 conse-
quences of failure. The numerical values of fdP  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 established on the basis of the past experience. 

A target value of reliability measures in 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: depassivation of reinforcement, formation of the cor-
rosion crack, spalling of the concrete cover, reduction of the reinforcement area, reduction of 
the bond between reinforcing bars and concrete, collapse(fib Bulletin No.34, 2006). 

Recommended target values of the reliability index  and corresponding target values of 
failure probability Pfd according to the MC-SLD are presented in Table 1. 
 
Table 1. Target values of the reliability index   (and Pfd – values) for the durability limit states 

(fib Bulletin No.34, 2006). 
Environment     Action            Reliability                     SLS                                         ULS 
class                                            class                   Depassivation   (Pfd)              Collapse   (Pfd) 
 
    XC               Carbonation         RC1                       1.3  (  110 )                        3.7  (  410 ) 
    XD               Deicing                RC2                       1.3  (  110 )                        4.2  (  510 ) 
    XS                Sea Water            RC3                       1.3  (  110 )                        4.4  (  610 ) 
 

8 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, cor-
rosion of reinforcing steel, cracking and spalling of concrete cover. Using the probabilistic ap-
proach, calculate the area of reinforcement steel sA  in 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 / 
mm2,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. 
Characteristics of random variables: the mean value, the standard deviation and the coefficient 
of skewness, and they are represented by truncated bounded histograms. 
  Physical modeling; three models for the three mechanisms of deterioration were defined: 

- erosion wear of the concrete surface tdtd  0)( , 

- corrosion initiation time 2)/( dtcor  , 

- crack initiation time rustrcrc kWt 2/2 , symbols according to formula (3), 

- reduction of the rebar diameter ticdtd corcor 0)( , where corc  and cori  are empirical 

coefficients, 

- load effect combination 2)(125.0 effLpgME  , 

- resistance at the critical section  bdfAMR ys , where b = 1 m,   is the relative 

value of the effective depth of compression zone. 
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  Probabilistic calculation was performed using the Monte Carlo simulation method. Results in 
the form of relationships between the area of tension reinforcement area required with the prob-
ability of collapse 410fdP  ( 7.3 , for environment class XC, carbonation and ULS of col-
lapse) and time are presented in Fig. 3. The mean values of characteristic moments of the slab 
service time are: the corrosion initiation time is 9.26cort  years, the crack initiation time is 

36cort  years and the spalling of concrete cover time is 5.53splt  years. 
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Figure 6. Diagram of the tensile reinforcement area required with the probability of collapse 10-4 and time 
of service life for the reinforced slab in bending. 
 

The probability of failure as a function of service time for the slab with the initial reinforce-
ment area 552.8 mm2 is shown in Fig. 7. Service time of the considered slab is 32 years and     
Pf [t = 32] = 0.005 < Pfd = 0.000072 ( 80.3645.1 2  RC ). 
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Figure 7. Diagram of the failure probability versus service time for the reinforced concrete slab subjected 
to the standard loads and to the deterioration processes. 

9 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, so-
cial and environmental aspects should be involved in the design for service life procedures. 
Moreover, all these aspects should be addressed explicitly or in other words, they should be ex-
pressed 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 deteriora-
tion models. 
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The quality of execution has a large influence of on service life of concrete structures. The 
formulation of demands for initial and further controls as well as data recording and updating 
should get high priority. 

In order to guarantee sufficient lifetime durability for concrete structures, time-variant and 
fully probabilistic methods are the most suitable. 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 
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1 INTRODUCTION 

Degradation of concrete structures is a normal consequence of the ageing process. Both physical 
and chemical changes occur in concrete structures with time. However, a number of parameters 
like the quality of concrete, the climatic conditions, or the lack of maintenance, can greatly 
influence this process. 

The most important degradation mechanism in concrete structures is corrosion of 
reinforcement which starts as a result of chemical changes in concrete. The chemical changes 
are usually a result of carbonation and chloride penetration in concrete. Other forms of 
degradation in concrete are freeze-thaw deterioration and deterioration due to aggressive 
chemical exposure.    

The levels of moisture on the surface and inside a concrete component are of decisive 
importance for its life duration. Indeed, the water that is accumulated inside a concrete 
component and the periodic variations of its water content are strongly related to numerous 
degradation mechanisms. Water inside or on the surface of a construction element can act either 
directly, being the main aggressive agent, or indirectly, facilitating the action of other 
degradation mechanisms and factors and accelerating the progress of numerous deterioration 
processes (Fagerlund 1996). The rate of the chloride ion diffusion, the time needed for the 
carbonation of the concrete cover, as well as the propagation of corrosion are all influenced 
from the moisture in the component (Rendell et al. 2002, Neville 1995, Lea & Hewlett 1998). 

2 CHEMICAL CHANGES IN CONCRETE IN CONCRETE AND CORROSION 
REINFORCEMENT 

2.1 General 

Corrosion of reinforcement in concrete is the primary degradation type of concrete structures in 
general. Corrosion may be initiated either by carbonation or chlorides that penetrate into 
concrete and depassivate steel. In structures exposed to sea water both chloride penetration and 
carbonation take place as also in bridge structures that are exposed to deicing chlorides. In 
buildings no chloride attack can normally take place but carbonation is always possible in 
structures exposed to air. In cold regions frost attack may occur concurrently with carbonation 
and chloride penetration thus accelerating the degradation process. 

In the following the “European models” for carbonation, chloride penetration and corrosion 
of reinforcement are presented. These models were developed during many joint European 
projects such as DuraCrete, DARTS, LIFECON etc. The advantage of these models is the large 
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acceptance on them although full agreement for a European standardization has not been 
attained. In this paper the first four reports in the Reference list have been the main sources for 
the presented models. The notation of the parameters may be different, however. 

Corrosion of reinforcement can be divided into two subtypes: 
 General corrosion which takes place on the reinforcement as a result of general 

depassivation of steel by carbonation or chloride penetration. 
 Corrosion of reinforcement at cracks of concrete. 
 
Different degradation models have to be applied for these two types of corrosion. Also the 

structural consequences of general corrosion and crack corrosion are different which warrants a 
different treatment. If the number of cracks is small the cracks do not usually become a 
determinative factor for the service life of the structure because of ‘self-healing’ and the 
possibility of filling cracks with epoxy. However, if the number of cracks is great corrosion at 
cracks can be determinative for service life. 

2.2 Process of reinforcement corrosion 

 
General corrosion of reinforcement can only start as a result of physical and/or chemical 
changes in concrete around the reinforcement. Physical changes are cracking and spalling of 
concrete. Chemical changes in concrete are carbonation and penetration of chlorides. Corrosion 
starts when either carbonation or the front of the critical chloride content reaches the 
reinforcement. 

During the propagation phase corrosion on reinforcement reduces the cross sectional area of 
the steel profile thus weakening the structure. The corrosion products also have a tendency to 
cause cracking and spalling in the protective concrete cover thus jeopardizing the cooperation 
between steel and concrete and the performance of the structure. The rate of corrosion depends 
on the moisture content and the temperature of concrete surrounding the steel. 

 

Corrosion 

0 1 2 3 

Initiation Propagation of corrosion 

Depassivation 

Cracking 

Spalling 

Collapse 

t0 t1 t2 

 
Figure 1. Illustration of corrosion process as a function of time (SB 2006). 

The service life of a structure is determined as the sum of the initiation time and the 
propagation time. Depending on the limit state of corrosion the service life is determined as 
follows: 
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where tL  is service life, yrs 
t0  depassivation time of corrosion, and 
t1  additional service life to account for the propagation time until the limit state of 

p1, yrs. 
t2  additional service life to account for the propagation time until the limit state p2, 

yrs. 
 
In Case (a) no corrosion is allowed and the service life is determined only based on the 

depassivation time. In Case (b) corrosion is allowed only until the first cracks appear as a result 
of corrosion and the service life is determined as the sum of depassivation time and additional 
service life t1. In Case (c) corrosion is allowed until the spalling of concrete cover and the 
service life is determined as the sum of the depassivation time and the additional service lives 
t1 and t2. 

2.3 Carbonation 

The protection provided by concrete against steel corrosion is based on the alkalinity of 
concrete. In an alkaline environment a tight oxide layer is produced around the steel, preventing 
further corrosion. The pH of pore water in concrete containing solid calcium hydroxide is 
always at least 12.5, which is adequate to passivate steel. However, normally the pH of pore 
water in alkali hydroxides containing cement pastes is even higher, about 13 - 14. When 
concrete carbonates its pH is reduced to about 9. Then the passive layer around the steel is 
destroyed and corrosion is initiated. 

The process of concrete carbonation is complicated. In fact, there are many physicochemical 
processes involved in it (chemical reactions from which carbonatable materials are produced, 
diffusion of atmospheric CO2 in the gaseous phase of the concrete pores, dissolution of Ca(OH)2 
in the aqueous phase of the concrete pores and the diffusion of dissolved Ca(OH)2 in this phase, 
dissolution of CO2 in the aqueous phase of the pores and its reaction with dissolved Ca(OH)2, 
reaction of CO2 with other solid constituents of cement paste, etc.) (Papadakis et al.1991). A 
mathematical model for concrete carbonation, based on the consideration of all these processes, 
was proposed by Papadakis et al. (Papadakis et al. 1991). This model consists of a set of partial 
differential equations, each one representing the mass balance of the substances involved in the 
carbonation process (CO2, Ca(OH)2, calcium silicate hydrate and unhydrated silicates). 

The mathematical modeling of carbonation has been dealt with, by some researchers, in the 
context of the development of models for the analysis of the simultaneous transfer of heat, 
moisture and carbon dioxide through and inside concrete components. A well-known model 
formulated on the basis of this principle is the one introduced by Saetta et al. (Saetta et al. 1993, 
Saetta et al. 1995), consisting of three differential equations, one accounting for the moisture 
mass balance, one expressing the energy conservation principle (heat storage and transfer) and 
one accounting for CO2 mass balance. This set of equations is accompanied by a fourth 
differential equation, which is formulated to express the rate of carbonation reaction. The 
simultaneous transfer of heat, moisture and carbon dioxide, as well as chloride penetration, 
inside concrete components is calculated in the model proposed by Steffens for the concrete 
structures’ corrosion risk prediction (Steffens 2000, Steffens et al. 2002).  

The solution of such mathematical systems is acquired with the discretisation of the 
calculation domains (time and space) and with the use of numerical methods. It is evident that 
these calculations cannot be conducted manually. A simpler approach for the prediction of the 
carbonation depth is the use of relationships, according to which, the carbonation depth is 
approximately proportional to the square root of time. The complex mathematical models of the 
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form that was previously described can be reduced to such simple relationships with the use of 
some assumptions and simplifications. Furthermore, this proportionality has been detected early 
in the study of the phenomenon, and several empirical relationships of this form have been 
proposed. Of course, there is a theoretical background to some equations of such form, as 
explained in the following. 

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 into 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 (Lay & Schiessl, 2003): 
 

cax

c
DJ


  (2) 

where J  is flux of carbon dioxide, g/m2s, 
D  the diffusion coefficient of concrete with respect to CO2, m

2/s, 
xca  distance of the moving carbonation boundary from the surface of the structure, 

m, 
c = cs-cx , kgCO2/m

3, 
cs  CO2 content of air at the surface of concrete, kgCO2/m

3, and 
cx  CO2 content of air at the moving boundary, kgCO2/m

3. 
 

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: 
 

dt

dx
aJ ca

R   (3) 

where JR  is reaction rate of carbon dioxide, g/m2s, 
a  CO2-binding capacity of concrete, kgCO2/m

3 and 
t  time, s. 

 
By combining the above Equations 1 and 2 (J = JR) and integrating over time (xca = 0 when t 

= 0), the following solution is obtained: 
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2  (4) 

From Equation 4 it is seen that at constant conditions the depth of carbonation is proportional 
to the square root of time. If c is constant in Equation 4, the equation can be presented in a 
more simplified form as: 

tkx caca   (5) 

where kca is coefficient of carbonation, mm/a0.5. 
 
The coefficient of carbonation depends on the permeability of concrete, quality of cement, 

possible cement replacements (blast furnace slag, silica fume etc.) and the environmental 
conditions. A less permeable concrete will yield a slower carbonation rate. In wet concrete, 
carbonation is much slower than in only slightly moist concrete. 
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To provide better coherence with field observations the Equation of carbonation (5) has been 
developed further in joined European projects. The following model considers better the time 
dependent properties of concrete during the carbonation process (Bamforth 1997): 
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where Rca  is carbonation resistance of concrete determined by a carbonation test (= a/D), 

kg/m3/mm, 
ke  environmental factor 
kc  curing factor 
t0  the age of concrete during the test, d and 
t  age of concrete, d. 

2.4 Penetration of chlorides 

Another chemical change in concrete that can depassivate steel and initiate corrosion is the 
result of chloride penetration into concrete. Chlorides in sufficiently rich concentrations can 
break the passive film around the reinforcement, even in very alkaline solutions. 

The chloride penetration into concrete can be assumed to obey Fick's second law of diffusion. 
Accordingly in a semi-infinite wall the following solution can be derived for chloride content in 
concrete: 
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where c0  is the initial chloride content of concrete pore water, mol/m3, and 
cS  chloride content at the surface of concrete, mol/m3, 
xcl  distance from surface, m, 
Da  apparent diffusion coefficient determined by formula, m2/s, and 
t  time, s. 

 
In the project DuraCrete the following equation was developed for the effective chloride 

diffusion coefficient (Bamforth 1997): 
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where De is effective diffusion coefficient of concrete with respect to chloride 
penetration, m2/s, 

DRCM  chloride diffusion coefficient of concrete determined by a rapid chloride test 
(Tang 2005) at the age of t0, m

2/s, 
ke  environmental factor 
kc  curing factor 
t0  age of concrete during the test, d 
t  age of concrete, d, and 
ncl  parameter. 

 
According to Bazant the error-function solution (Equation 7) can be closely approximated by 

the following parabola function (Bazant 1979): 
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When Equation 9 is solved for xCl and the chloride content c is replaced by the critical chloride 
content ccrit the following function is obtained for the depth of critical chloride content: 
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where xCl is depth of critical chloride content at moment t, m. 
 
In this form it is obvious that the depth of the critical chloride content approximately 

complies with the "square-root-of-time"-law in the same way as the depth of carbonation: 

tkx clCl   (11) 

where 
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where kcl coefficient of chloride penetration, mm/year and 
t time, year. 

 
In principle determination of coefficients of carbonation and chloride penetration call for 

testing for carbonation resistance (Rca) and the chloride migration coefficient (DRCM). That is not 
always possible in the design of structures. To avoid testing some data on Rca and DRCM as a 
function of normal concrete design parameters, such as water-cement ratio and the cement type, 
are available in literature (fib Model Code 2006, SB 2006, Lifecon D3.2). They contain also 
other parameter data that are required in the model equations. 

2.5 Corrosion of Reinforcement 

The process of corrosion is electrochemical which means that electrons together with chemical 
compounds take part in the reactions. Two reactions are necessary to build up an 
electrochemical reaction: (1) anodic reaction, which generates electrons, and (2) cathodic 
reaction, which consumes electrons. In concrete the anode and cathode areas of the 
reinforcement form an electric circuit with concrete as the electrolyte. 

In corrosion reactions oxygen together with iron ions are chemically bound to ferrous or 
ferric hydroxides. The volume of corrosion products is much greater than the volume of the 
original metal. As a result of the expanding layer of corrosion products, pressure is produced in 
concrete at the anodic areas of rusting steel. If corrosion is allowed to continue the pressure will 
grow so great that it exceeds the tensile strength of concrete. As a result the concrete cover 
cracks. With continued corrosion and an increasing layer of corrosion products, concrete will 
spall from the surface of the structure. During this phase concrete cover completely loses its 
ability to protect the steel. In addition, the capacity of the structure may become questionable as 
a result of the reduced bond between steel and concrete. Furthermore the aesthetic appearance 
suffers from cracking and corrosion stains. So for many reasons the phases of corrosion 
cracking and spalling can be regarded as the limit states for service life of a concrete structure. 

Applying Faraday’s law, the corrosion rate can be used from direct electrical measurement: 

 

corrcorr iV  6.11  (13) 

where Vcorr  is corrosion velocity, m/yr and 
icorr  mean value of the corrosion current, A/cm². 

The corrosion velocity can be determined from the following eguation (Lifecon D3.2 2003). 
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where m0  is constant (= 882) m.Ohm/yr, 
  resistivity of the corrosion circuit, Ohm.m. 
Fcl  factor accounting for chlorides in concrete, 
Fgalv  factor accounting for galvanic effects, 
FO2  factor accounting for availability of oxygen. 

 
The resistivity can be determined from the following equation: 
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where 0 is chloride diffusion coefficient of concrete determined by a test (Lifecon D3.2 
2003) at the age of t0, m

2/s, 
kT,res  factor accounting for temperature 
kRH,res  factor accounting for relative humidity 
kc,res  curing factor 
kcl,res  chloride factor 
t0  age of concrete during the resistance test, d  
t  age of concrete, d, and 
nres  parameter. 

 
The active corrosion time which can be added to the depassivation time to provide the 

evaluated service life depends on the maximum allowable depth of corrosion on reinforcement. 
For the maximum allowable depth of corrosion several limit states may be applied: 
pmax = 0 
pmax = p1  i.e. limit state of first cracking in concrete cover 
pmax = p2   i.e. limit state of spalling of concrete cover. 
In some cases, as in the case of prestressing steel, no corrosion can be allowed (pmax = 0). It 

means that there is no active corrosion time allowed. Then the service life is determined based 
only on the depassivation time (t0) which depends on the carbonation and the chloride 
penetration processes. In general the service life can be determined as follows: 

210
ttt

L
t   (16) 

where tL is service life, yrs 
t0  depassivation time of corrosion, and 
t1  additional life to account for active corrosion time until the limit state of p1, yrs. 
t2  additional service life to account for the active corrosion between the limit state 

p2 and p1, yrs. 
 
The extensions of service life t1 and t2 are determined from the following formulae: 
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Model functions for corrosion depths p1 and p2 have been presented in the Swedish 
instructions (SB 2006). 
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2.6 Corrosion at cracks 

The following theoretical dependency between the carbonation depth at a crack and the 
carbonation depth at uncracked areas has been presented (Schiessl, 1979): 
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R   (19) 

where y is carbonation depth at crack, mm, 
x  carbonation depth at uncracked surface, mm, 
DR  diffusion coefficient at crack, 
DB  diffusion coefficient at uncracked surface, and 
w  width of crack, mm. 

 
According to Equation 5 and 11 the carbonation depth at an uncracked surface can be 

assumed proportional to the square root of time. So for carbonation depth at a crack we get 
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where kdep is carbonation coefficient, mm/year0.5. 
By solving Equation for t we get: 

2

4

2

)(







 



dep
cr kw

D

D

y
yt  (21) 

 
At the time of depassivation at the crack y is the same as concrete cover, Cc. We can also note 

that the depassivation time at an uncracked surface is: 
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So for the depassication time at the crack we get: 
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where t0
crack is depassivation time at a crack, and, yr,  

t0  depassivation time at uncracked surface, and 
k0

crack crack coefficient 
 
A similar equation can be derived also for chloride initiated corrosion at a crack. However, 

the value of the crack coefficient is different for carbonation initiated and chloride initiated 
corrosion (Equations 24) (Vesikari, 2009): 
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where k0;ca
crack is crack coefficient for carbonation initiated corrosion, and,  

k0;cl
crack crack coefficient for chloride initiated corrosion. 
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Very little is known about corrosion rate at a crack, However, it is reasonable to assume that 
the corrosion rate at a very small crack (< 0.05 mm) is about the same as that in uncracked 
concrete. By increasing the crack width the corrosion rate is also increased. So we can write: 

VkV crackcrack  1  (25) 

where Vcrack is corrosion rate at a crack, m/yr, 
k1

crack  crack factor for corrosion rate, and 
V  corrosion rate in uncracked concrete, m/yr. 

 
The following crack factor for corrosion rate is proposed (Vesikari, 2008): 

w

w
N

k

crack

crack

1
1

1

1




  (26) 

where Ncrack   is a number (>1). 
 

According to Alexejev (Alexejev 1993) the corrosion rate is approximately doubled when the 
crack width was increased from 0.1 mm to 0.7 mm. So, the value of Ncrack would be around 3. In 
Table 1 the values of the k1

crack are presented as a function of crack width (Ncrack = 3): 
 

Table 1. Crack factor of corrosion as a function of crack width. 
Crack width (w), mm k1

crack 
0 

0.05 
0.1 
0.2 
0.5 
1 
∞ 

1 
1.1 

1.18 
1.33 
1.67 

2 
3 

 
The maximum depth of corrosion is determined based on structural demands. The active 

corrosion time is defined as follows 


crack

crack
crack

V

p
t max  (27) 

where pmax
crack is maximum depth of corrosion. The service life based on crack corrosion is: 

crackcrack tt
crackL

t 
0,

 (28) 

where  tL,crack is service life with respect to corrosion at cracks, yrs 
t0

crack  depassivation time of corrosion at a crack, and 
tcrack  additional life to account for active corrosion time until the limit state of 

pmax, yrs. 

3 OTHER DEGRADATION MECHANISMS 

3.1 Freeze-thaw deterioration 

Freeze-thaw deterioration is due to repeated cycles of freezing and thawing of water contained 
within the concrete matrix. Damage is due to expansion that occurs when water is converted 
into ice, as this will cause forces exceeding the tensile strength when concrete is critically 
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saturated. Additionally, smaller pores will be more or less freeze-dried by the ice in the larger 
capillary pores, and consequently the ice will grow. If temperatures subsequently rise, the ice 
will expand and due to the five times larger temperature expansion coefficient of ice than 
concrete, it will exert force (Bijen 2000). Surface deterioration will occur in form of spalling, 
scaling and cracking, leading to loss of structural strength and integrity. Freeze-thaw damage is 
aggravated by the use of de-icing salts. Salts lower the freezing point and due to hygroscopic 
character increase the water content of the pores. 

In fib Model Code for Service Life Design 2006 a probabilistic method for service life design 
with regard to internal frost damage is presented. The method is based on the requirement that 
the probability of  the critical degree of saturation is smaller than the actual degree of saturation 
within the design service life is smaller than the preset failure probability. Mathematically the 
limit state equation is presented as follows:  

 

0/ }0)({{} pttSSpPp SLACTCRdamagethawfreeze   (29) 

where  SCR is critical degree of saturation, 
tSL  design service life (years),  
SACT(t)  actual degree of saturation at the time t,  
tSL  design service life (years), 
p0  target failure probability, and 
p{}  probability that freeze/thaw damage occurs. 

 
The variables SCR and SACT(t) need to be quantified in a full probabilistic approach. As the 

actual degree of saturation depends on the environmental conditions (rain, snow, drying, etc.) 
the full use of Equation 29 may require a detailed hygrothermal analysis of the structure through 
its service life. The service life of a structure may be strongly dependent on small variations in 
the environmental moisture conditions.  

Measures to prevent freeze-thaw deterioration include air-entrainment, use of frost-resistant 
aggregates, low water/cement ratio and surface treatment with hydrophobic agents. 

3.2 Deterioration due to aggressive chemical exposure 

Chemical attacks may be categorized in four types: (1) acid, (2) sulphate, (3) alkali and (4) 
other. 

Acid attack is due to reaction of acid with cement paste. The consequence of this reaction is 
that the layer by layer conversion of the hardened cement and destruction of microstructure. If 
not removed, converted layer is more permeable than sound concrete. Reaction products are 
removed by dissolution or abrasion. Once the cement paste is removed, exposed or loose 
aggregate remains, and eventually total disintegration will occur. Acid attack weakens the 
structure, and can thus contribute to other deterioration mechanisms. For instance, the removal 
of concrete cover can lead to steel reinforcement corrosion in concrete. Acid attack may be 
caused by atmospheric pollutants (i.e. acid rain), or gaseous acids (i.e. sour gas in a sewer pipe). 

Sulphate attack (Skalny J. et al. 2002) is due to sulphates reacting with calcium and aluminate 
ions. The reaction causes expansion and formation of cracks, thus speeding up the deterioration 
process, as cracks allow further sulphate penetration. As with acid attack, the sulphate attack 
can also lead to other deterioration mechanisms, as it damages the concrete cover.  

Alkali attack (Swamy 1992) is due to alkalis reacting with silica aggregates. The reaction 
causes expansion and leads to surface “map” cracking. 

The permeability of concrete is a critical measure to prevent the deterioration of concrete due 
to chemical exposure. Mix design should be appropriate to exposure of the concrete element. 
Remediation generally comprises the repair and removal of damaged concrete and application 
of a protective surface treatment. 

The degradation models for chemical attack of concrete are still rare or missing. 
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4 DISCUSSION AND CONCLUSION 

The models for general corrosion in concrete structures, presented in this paper, are widely 
accepted and they can be used for predicting the service life of a concrete structure with 
reference to carbonation, chloride penetration and corrosion of reinforcement. The models can 
be applied to concrete structures exposed to seawater or deicing chlorides or just to air. 

A deficiency in these “European models” is that they do not include any models for corrosion 
at cracks. Tentatively, a method for evaluating the rate of carbonation, chloride penetration and 
corrosion cracks of concrete is presented in this report.  

Another deficiency is that the frost attack model is given without practical instructions. So, 
also the interaction between frost attack and corrosion processes (including carbonation and 
chloride penetration) is not considered in these models.  

A practical difficulty in the application of these models is that they call for testing of 
concrete. The model of carbonation requires testing of the carbonation resistance, the model of 
chloride penetration calls for testing of the chloride migration coefficient and the model of frost 
attack requires testing of both critical degree of saturation and capillary degree of saturation. 
However, there are available test data that can be used for rough evaluation of these material 
properties of concrete based on normal concrete design parameters, such as the w/c ratio, the air 
content and the cement type. Also other parameter data for the application of the presented 
models can be found in the literature (fib Model Code 2006, Lifecon D 3.2, SB 2006). 
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1 INTRODUCTION 
 
Massive masonry buildings are mainly designed and constructed to sustain vertical - gravity 
loads. 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 in-
adequate connection of bearing walls with the floor structures, their capacity to sustain external 
gravity and dynamic effects may be defective leading possibly to a limited service life in seis-
mically active areas.  

Layered masonry walls came into use in Northern Europe in the late 1960’s. In those build-
ings the external wall assembly consists of bearing inner layer, usually brickwork or concrete, 
insulation layer, usually mineral wool, and outer brick lining. The bearing structure can also be 
made of wood (so called Swedish external wall). 

From 1980’s in some small houses the external wall structure consisted of blocks of auto-
clave aerated concrete (AAC) or breeze-blocks which have an insulation layer between two 
breeze-blocks. This kind of wall structure is still quite popular in rendered small houses in 
Finland. 

The outer surface of a masonry external wall can be treated in several different ways. It can 
be fair-faced or rendered in many different techniques, of which the three coat rendering is the 
most traditional. The surface treatment of a masonry structure affects a lot the water absorption 
and drying processes of masonry. 

In cold weather countries the fact that burnt bricks, concrete blocks, mortars and renderings 
are porous, water absorbing and brittle, causes masonry façades subject to frost attack. The deg-
radation of masonry structures is a very complicated process depending on many features of the 
actual case, such as the environmental conditions at the site, compass point, possible shelter 
given by other structures, physical performance of the cross section of the structure, connecting 
materials, etc. All details of degradation are not yet fully known. However, the temperature and 
water content in materials under outdoor exposure can be monitored or simulated by numeric 
methods. Connecting the theory of critical degree of water saturation to the analysis of tempera-
ture and moisture content of materials the degradation of masonry structures can in principle be 
modeled and the service life can be roughly evaluated.  

Degradation modes and models for masonry structures 
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ABSTRACT: The strength, stiffness and deformability capacity of masonry structural ele-
ments and systems change in the course of time, or more precisely, decrease 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 unex-
pected dynamic effects as are the effects of explosions and earthquakes. In this paper two modes 
of degradation for masonry structures, structural deterioration by seismic effects and degrada-
tion by frost attack, are discussed. 
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2 STRUCTURAL DETERIORATION BY SEISMIC EFFECTS 
 
While designing masonry structures, it is necessary to satisfy the requirements related to provid-
ing of an appropriate, defined by codes, strength, stiffness, deformability and capability for en-
ergy dissipation of structural elements and the system as a whole. 

In the course of time, the designed hysteretic force-displacement relationship is the main pa-
rameter 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 dy-
namic 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 cer-
tain defined moment, most frequently referred to as the ultimate allowable deformation, after 
which the service life of the structure can be considered to be at its end and a structural interven-
tion, 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.  

2.1 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 ac-
cordance 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. Defi-
nition 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. 1). The mini-
mum 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 ma-
sonry. 

2.2 Analysis of the structure  

During the serviceability period, the structures are exposed to the effect of vertical and horizon-
tal, 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 finish-
ing 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.  
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Figure 1. P- diagram, Palace Sponza, obtained during 'in situ' test. 

 
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 dis-
placements, 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, op-
timization 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 build-
ing 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 ma-
sonry structures, static analysis is performed for vertical loads and equivalent seismic forces ac-
cording 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. 

For the structural elements with geometric characteristics, characteristics of materials and po-
sition in the structure, analysis of the elements is done and hence analysis of the structure is per-
formed 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, analy-
sis of strength capacity can be done in the simple way of defining strength and stiffness capac-
ity, 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 
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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. 2). 

 

Representative bilinear storey diagram

Cumulative storey
diagram - RC elements

Cumulative storey diagram -
Masonry wall elements

Individual RC elements

Individual masonry wall elements

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

 
Figure 2. Force - displacement diagram for masonry and R/C elements. 

 
The most important for the behavior of the structures is their response under static and dy-

namic loads. Masonry structural systems, as well as other systems, exposed to dynamic - seis-
mic effects of moderate and high intensity, suffer nonlinear deformations of the constituent ele-
ments, 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. 3-4).  

 
 
Figure 3. Relationship strength – displacement. 
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Figure 4. Relationship strength – displacement. 

2.3 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 con-
siderations are important for selection of possible and necessary measures for repair and 
strengthening of the structural system.  

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 ana-
lyzed 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.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Bozinovski’s hysteretic model. 
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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 ob-
tained from several aspects. Out of these, selected is the most adequate solution from the eco-
nomic 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 accord-
ing to regulations, possibility for realization of the solution, available materials, economic justi-
fication, fulfillment of social requirements and satisfying of aesthetic requirements (Fig. 5). 

2.4 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 service life. It is of exceptional importance to bring the strength, stiffness and deform-
ability 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. 
 
 
3 FROST ATTACK 

3.1 Frost attack of masonry structures in cold weather countries 

Frost attack due to a high moisture load is the most common reason for deterioration of masonry 
structures in Nordic outdoor climate. Mortars in masonry and rendering as well as bricks are po-
rous materials 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. If the level of water saturation of the system is high, the over-
pressure cannot escape into air-filled pores and thus damages the internal structure of the con-
crete resulting in its degradation. 
 It has been presented more than 15 different theories or explanation for frost attack of porous 
materials during time (Kuosa & Vesikari 2000). It can be noticed that frost weathering is a com-
plex process, and frost damage can occur in many different ways (Fagerlund 1997). 
 Probably the most widely known frost damage theory is the hydraulic pressure theory by 
Powers published in 1949. Accordingly, damage occurs as freezing water expands creating hy-
draulic 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 1949). 
 Theory of volume chances in microscopic ice crystal was developed to complete hydraulic 
pressure theory (Powers & Helmuth 1953). During freezing process, in capillary pores become 
small ice crystals which tend to grow. Growth of ice crystals follow from lower chemical poten-
tial in ice crystals than supercooled pore water in smaller gel pores. If there is not enough empty 
space for growing ice crystals, the growing ice crystals will cause pressure to pore structure an 
might lead to cracking of pore structure. It is peculiar to growing microscopic ice crystals, that 
growing will going on despite the lowering of temperature will stop during freezing phase. 
 Theory of osmotic pressure complete two previous theories taking into account also migra-
tion of dissolved chemicals, mainly the alkalies Na2O and K2O, in the pore water. Those dis-
solved chemicals lower the freezing temperature of pore water and increase the concentration of 
salts in the water surrounding ice. The concentration of dissolved chemicals tries to get equilib-
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rium between different pore water solutions causing osmotic pressure to pore structure (Pigeon 
& Pleau 1995). 
 Litvan noticed in the beginning of 1970’s that water in pore structure of porous material does 
not freeze immediately when temperature decreases below 0 °C. Freezing happens first in big-
ger capillary and gravitation pores. In smaller gel pores water begins to freeze when temperature 
is approximately -15 - -20 °C. The unfrozen pore water is thus supercooled, which tends to 
cause drying of paste because the saturation pressure over supercooled water is higher than that 
over ice. According to Litvan, mechanical damage happens when moisture transfer cannot occur 
in an orderly manner, i.e. when the rate of freezing is too high, or the distance that water must 
travel to reach an external surface and freeze is too long (Pigeon &Pleau 1995). Litvan has 
made lot of work concerning action of frost during 1970’s. 
 Increasing of temperature on façade also increases the temperature of ice in pore structure. 
First when temperature decrease, ice in pore structure shrinks, and supercooled pore water can 
flow capillary to “new” empty space of pores and freezes rapidly. When temperature increase, 
ice will need more space than before. This causes remarkable hydraulic pressure to pore struc-
ture (Penttala 1998). The temperature factor of ice is 50 x 10-6 K-1, it is 5 to 10 times more than 
temperature factor of burned bricks or mortars. 
 Frost weathering is manifested as reduction in strength of the mortars and bricks, loss of ad-
hesion, or crazing or chipping off of the surface. In Nordic outdoor climatic conditions frost 
weathering is the most common cause of damage. 

 The degree of frost weathering may vary in different parts of the facade - 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. 

3.2 Theory of critical degree of water saturation 

The theory of critical degree of water saturation was developed in the early 1970’s (Fagerlund 
1977). The basic idea of this theory is that there is a critical degree of water saturation above 
which the porous and brittle material is damaged while freezing. If the actual water saturation is 
below the critical one no damage takes place during freezing.  

The theory of critical degree of water saturation is easily adaptable to a building physical 
simulation programme. By an application that simulates temperature and moisture content in a 
structure the number of critical freezing events, i.e. the events when the critical degree of water 
saturation is exceeded simultaneously with freezing, can be counted. The progress of the dam-
age as a function of critical freezing events can be evaluated by the theory of Fagerlund. When 
the degree of damage exceeds the prescribed limit state the service life is considered to be 
ended.  

If the degree of saturation is smaller than the critical saturation practically no reduction in the 
dynamic modulus of elasticity of a material sample takes place as a result of freezing. If the de-
gree of saturation is greater than the critical one the diminishing of dynamic modulus is propor-
tional to the difference between the actual degree of saturation and the critical degree of satura-
tion. According to Fagerlund the degree of damage may be defined in the following way 
(Fagerlund 1977): 

D
E

E
K S SN

N crit    1
0

( )  (1) 

where 
D  is degree of damage (0 < D < 1) 
N  number of critical freezing events, 
S  degree of saturation at the moment of freezing,  
Scrit critical degree of saturation, 
KN coefficient of degradation. 
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In the derivation of Eq. 1 an assumed has been that the degree of water saturation stays con-
stant at successive critical freezing events. In natural weather conditions, however, the moisture 
content of concrete varies all the time. So the degree of water saturation is different in succes-
sive freezing events and Eq. 1 cannot be applied as such. That is why a modified formula was 
created to be applied in normal outdoor conditions:   

D
K

w
w wN

N

sat
N crit

N

N

  

 

( )
1

 (2) 

where 
DN is degree of damage after N critical freezing events, 
wN moisture content of concrete at the moment of Nth critical freezing, kg/m3, 
wcrit critical moisture content (corresponding to critical degree of saturation), kg/m3 and 
wsat moisture content of completely saturated concrete (corresponding to total volume of 
pores), kg/m3. 
 

As the number of critical freezing events is related to the age of the structure the service life 
of the structure can be determined from Eq. 2 when the maximum allowable degree of damage 
is defined. 

)DD(tt maxNL   (3) 

where 
tL  is the service life, and 
Dmax maximum allowable degree of damage. 

3.3 Tests for bricks and mortars   

For building physical simulation it is essential to do tests of the simulated materials. The tests 
are designed to yield input data for the simulation of moisture transfer and frost attack. Both the 
brick and the mortar may be attacked by frost. So, both materials should be tested. In the fol-
lowing example two brick types (A and B) and two cement based mortars (O and P) were tested. 
The properties of these bricks and mortars according to quality control tests are presented in Ta-
bles 1 and 2. 

 
Table 1. Results of quality control tests for bricks A and B. 

Brick Water 
absoption 

% 

Compressive 
strength 

MN/m2 

Density 
kg/m3 

A 20,7 45,7 1540 

B 9,3 37,7 1250 

 
Table 2. Results of quality control tests for mortars O and P. 
Mortar Flexural strength 

N/mm2 
Compressive strength 

N/mm2 
 7d 28d 7d 28d 

O 2,3 3,1 8,3 11,2 

P 2,0 3,1 7,7 11,2 

 
The test programme for both bricks and mortars included: 

 Capillary water uptake test (Fagerlund 1977) 
 Drying test 
 Critical degree of saturation test (Fagerlund 1977) 
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The capillary water uptake test is performed using flat specimens with about 25 mm thick-
ness. The specimens are placed on a grating so that they can absorb water through their lower 
surface. The increase of moisture content is followed with time and the results are normally pre-
sented as a function of square root of time. Then the nick-point of the absorption curve can be 
determined. The test simulates conditions when the structure is exposed to rain or free water in 
general. 
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Figure 6. Results of the water uptake tests. 
 
The drying test is performed in a room with the relative humidity of 70 % and the temperature 
20 0C. The specimens are about 20 mm thick and the drying can take place from both opposite 
surfaces. In the beginning of the test the specimens are saturated in 100 % RH. The drying test 
simulates drying of a material in atmospheric conditions. 
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Figure 7. Results of the drying tests. 
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In the critical degree of saturation test the number of test specimens is between 10 – 20. The 
moisture content of specimens is adjusted to different levels of water saturation, between 0.6 – 
1.0. Then the specimens are wrapped in plastics and frozen to -20 0C. The damage in specimens 
is checked by ultra sonic measurement after 6 - 9 freeze-thaw-cycles. 
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Figure 8. Results of critical degree of water saturation tests. 

3.4 Simulation 

The simulation in the next example was performed using the data of Otaniemi weather station 
(near Helsinki) and the material properties presented above. However, the simulation based on a 
typical facade structure under typical driving rain conditions showed no exceeding of the critical 
moisture content. Only by increasing the driving rain load multiple folded as compared to the 
normal load critical freezing events (freezing events with moisture content above the critical 
content) could be observed. Figure 9 shows the calculated freezing events during one year with 
a 6-fold driving rain load and for the assumed critical moisture contents (Brick B).  
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Figure 9. Freeze-thaw cycles for a masonry facade wall (the thickness of the outer core is 130 mm). The 
curve for all cycles is depicted with a dotted line. The curves for critical freezing events with different as-
sumed critical moisture contents are drawn with continuous lines. 

3.5 Conclusions 

The moisture transfer properties and critical degree of water saturation of bricks and mortars are 
crucial for the degradation and service life of masonry structures in cold weather countries. The 
theory of critical degree of saturation as combined with numeric simulation of moisture content 
can be effective in the evaluation of degradation rate and the service life for masonry structures 
as for other porous and brittle facade materials too. However, the models in numeric simulation 
should still be developed and more data on properties of materials should be gathered to get the 
method work reliably. 
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1 INTRODUCTION 

Rehabilitation and maintenance of existing steel constructions, especially steel bridges is one 
of the most important actual problems [1],[2],[3]. The infrastructure in Romania and in other 
East – European countries has an average age of about seventy to ninety years. Many of these 
structures are still in operation after damages, several phases of repair and strengthening. Re-
placement with new structures raises financial, technical and political problems. The budget of 
the administration gets smaller. The present tendency to raise the speed on the main lines to a 
level of v  160 km / h must be emphasised (Figure 1).  

During service, bridges are subject to wear. In the last decades the initial volume of traffic 
has increased. Therefore many bridges require a detailed investigation and control. The exami-
nation should consider the age of the bridge and all repairs, the extent and location of any de-
fects etc (Figure 2). 

Carefully inspection of the structure is the most important aspect in evaluating the safety of 
the bridge. On the accuracy of the in situ inspection depends the level of evaluation.  

The check of existing structures should be based on the complete bridge documentation 
(drawings with accuracy details, dimensions and cross sections of all structural elements, infor-
mation about structural steel, stress history. However, in many cases these documentations are 
incomplete or missing. But these informations can be recovered due to the carefully investiga-
tions and inspections of the structures, experimental determination of the material characteristics 
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ABSTRACT: The verification of existing structures especially bridges is in present one of the 
main problems of the structural engineers. The majority of existing railway bridges that have 
been built at the turn of the last century is riveted structures. Today many of these structures 
have already achieved a considerably age; therefore the establishment of the remaining fatigue 
safety of these structures is one of the most important tasks of contemporary society. Many of 
these bridges are still in operation after damages, several phases of repair and strengthening. 
The problem of these structures is the assessment of the present safety for modern traffic loads 
and the remaining service life. Along with the classical method of damage accumulation, a new 
approach based on the fracture mechanics principles is proposed. The paper presents the Roma-
nian Methodology in this field with some case studies. These examples include technical aspects 
regarding the verification of 30 bridges (from this total number 22 are plate steel girder bridges, 
6 are steel truss structures and 2 are conceived in the filler beams deck solution) situated on the 
main line from Bucharest to Brasov, the most difficult section of the Romanian Corridor IV. 
The majority of bridges are 60 or more years old. Some of them are maintained the others will 
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and stresses in structural elements, full scale in situ tests (static and dynamic), calibration of 
structure and spatial static analysis.  

 

Figure 1.The European corridors which cross Romania’s territory: IV, VII and IX 
 

Figure 2. Assessment and control of existing steel bridges 
 
Bridge life is generally given by fatigue; difficult is the estimation of the loading history. 

For bridges where the stress history is known the fatigue life may be calculated using the Min-
ers’s rule and an appropriate S-N curve; also the assumption of the same spectrum for bridge 
life (or for certain periods) must be made. During the process of assessment the fatigue life of 
old riveted bridges is important to establish the proportion of the whole fatigue life that has been 
already got through. For stringers and cross girders of existing railway bridges the number of 
107 cycles is exceeded. It might be affirmed that for such bridges if no fatigue cracks can be de-
tected, no fatigue damage has occurred! Subsequently, if the loading spectrum remains the same 
in the future as in the past, fatigue cracking might not take place! In almost all the cases the 
loadings increased; in this situation survival for 100 years (or more) without cracking would not 
justify the assumption that no damage has yet occurred! Minor cracking is difficult to detect 
during usual inspections. 

From the overall examination of a large number of bridges many defects can be pointed out. 
The defects are widespread, having a heterogeneous character from the point of view of loca-
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tion, development and development tendency; their amplification was also due to the climate 
and polluting factors that caused the reduction of the cross section due to corrosion. Statistically, 
in 283 from among 1088 welded bridges, and in 356 from among 3201 steel riveted bridges 
cracks were detected and repaired. It is not allowed to weld cracks. Old bridges can have welds 
executed in the early years; a special attention must be paid to these parts. Generally the riveted 
connections have a good behaviour in time due to the initial prestressing force which can reach 
70 – 80 N / mm². 

2 CHARACTERISTICS MATERIALS 

The following facts show that a material analysis for old riveted bridges is very useful: 
 Old bridges are in many cases erected using material with very poor welding qualities and 

basing on railway administration data and specialised literature it is known that cast iron 
was used to build bridges; 

 The specialised literature doesn’t offer enough information about this structural steel; 
 The structural material comes from several producers (for South Eastern Europe mostly 

from Reschitz – Romania and Györ – Hungary). 
 
Table 1. The bridges on which the material study basis 

 
The study’s results can be extended to Middle and South Eastern Europe when the history of 

communication ways and the state of old railway and highway steel bridges in this region is re-
garded. In this context we mention the following event: on the 1st of January 1855 the “Kaiser-
liche und Königliche Privilegierte Österreichische Staatseisenbahngesellschaft” (St.E.G.) took 
over all steel producers in Banat. The investments in Reschitz turn the steel mill into an impor-
tant bridges’ factory. The production of steel bridges reached 3960 tonnes in 1910, whilst 
bridges made by St.E.G. Reschitz are still in use in Romania, Austria and Hungary. Between 
1911 – 1913, 1620 tonnes of bridge structures made of cast iron were replaced in the western 
part of Romania (Banat), namely on the railway segment Timişoara – Orşova. 
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In this sense the material study took into account bridges from this region, built around 1911. 
Following material analysis were performed in order to determine the characteristics of the ma-
terial: chemical analysis, metallographic analysis, tensile tests, Brinell tests, Charpy “V Notch” 
tests.  

The samples were taken from secondary elements, but also in some cases (Bridges in Arad 
and Şag which were replaced) from main elements: stringers, cross girders, main girders [4]). 

 
The results of the chemical analysis are presented in the following table. 
 

Table 2. Chemical analysis results 

 
The statistical interpretation of the tensile tests results shows a minimal value for the yield 

stress of 230 N/mm2. 
The impact tests on Charpy V Notch specimens lead to conclusion that the transition tem-

perature is situated in many cases in the range from -10°C to 0°C (Figure 3). 
By analysing the laboratory results we can conclude that the steel is a mild one, that could be 

associated to the present steel types St 34 or St 37.1. 
 
Also, on the two dismantled bridges – Arad and Şag –fracture mechanics tests were made [4] 

in order to establish the integral value Jc (according to ASTM E813-89), the CTOD and to de-
termine the fatigue crack growth rate and the material constants C and m (according to ASTM 
E647-93). For these tests compact specimens CT (thickness 8 mm) as well as bending speci-
mens have been used. 
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Figure 3. Transition curves for the analyzed bridge structures 
 
They have been obtained from the stringers, cross girders and main girder – lower chord. The 

minimal value of material toughness in term of J-Integral for these old riveted steel bridges is 
Jcrit = 10 … 20 N/mm for a temperature of -20°C. 

 

Figure 4. Experimental tests for determining of J values 
 
The method of fatigue assessment for structural elements with defects was developed basing 

on the possibility of modelling, on the propagation rate of crack dimensions under fatigue loads 
and with the help of known laws. The method is founded on the recommendations of the BS 
7910:1999.  

In the present state of knowledge it is generally accepted that the fatigue failure of materials 
is a process containing three distinct steps: (1) initiation of defect (crack), (2) crack propagation 
in material, (3) separation through complete failure of the material in two or more pieces. Prac-
tically, the safety service life of an element under fatigue conditions can be expressed as follows 
(Figure 5): 

f i pN N N           (1) 

Ni = number of cycles necessary for the initiation of the defect (crack) 
Np = number of cycles necessary for the propagation of the defect until the occurrence of failure 
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Figure 5. Fatigue life of structural elements 
 

The evaluation of crack propagation conditions can be accomplished with the help of charac-
teristically values, which are founded on fracture mechanics concepts: material toughness ex-
press by the stress intensity factor K or J integral value and the crack growth rate da/dN (crack 
growth for each load cycle). A relation of the following type can express the crack growth rate 
(Figure 6): 

 da
f K,R,H

dN
           (2) 

da/dN - crack extension for one load cycle 
K - stress intensity range, established basing on the stress range ; 

R- stress ratio R = min

max




;        H- indicates the stress history dependence. 

The crack growth rate da/dN, defined as a crack extension da obtained through a load cycle 
dN (it can also be defined as da/dt, in which case the crack extension is related to a time inter-
val), represents a value characteristic of the initiation phases respectively the stable crack 
propagation. It has been experimentally observed that the connection between the crack growth 
rate and stress intensity factor variation represents a suitable solution for the description of the 
behaviour of a metallic material containing a crack, as in the case of steel. In a logarithmic 
graphical representation of the crack growth rate da/dN versus the stress intensity range K a 
curve as the one in the following figure is obtained. 

 

Figure 6. Logarithmic representation of the fatigue crack growth in steel 
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The calculation of the structural elements’ remaining service life can be done basing on the 
Paris law, more precisely by integration of this law: 

crit

0

N a

m0 a

da
N dN

C K
 

           (3) 

N - number of stress cycles necessary in order that the crack extends from its initial dimension 
a0 to the critical value acrit, where failure occurs; 
a – crack length; 
C, m – material constants from the crack propagation law; 
K – stress intensity factor range. 

This integral can be numerically calculated by taking into account a critical detail knowing 
the crack values (initial and critical), basing on the following relation: 

crit

0

a

m m m / 2a

da
N

C Y ( a)


            (4) 

The number of cycles Ni obtained with the help of relation (4) represents the remaining ser-
vice life of the detail, by regarding the initial length a0 up to the critical length acrit, by admitting 
a stable crack propagation (Figure 7). 
 

Figure 7. Principles for determining the remaining service life 
 

The critical crack value can be calculated basing on the K criterion respectively on the J or 
CTOD criterions or with the help of the failure assessment diagram. 

The C and m material constants from the Paris law are experimentally determined by fracture 
mechanical tests. In this sense in most cases compact specimens C(T), three point bended 
specimens SEN(B) and middle central panels M(T) are used. Such a standard which describes 
the test methods for the determination of the crack growth rate is the American Standard ASTM 
E 647 (Standard Test Method for Measurement of Fatigue Crack Rates). 

Basing on the determined values da/dN and K the program also automatically determines 
the C and m material constants by the Paris relation: 

da
ln( ) ln C m ln K

dN
             (5) 

The experimental tests on 26 CT specimens from two old bridges have shown that for the 
oldest mild steels the values of the material constants from the Paris relation are in the following 
intervals: 

m = 2,05 … 5,65 
C = 2,2 x 10-11 … 10-18 
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Relatively large value of m corresponding to very small values of C, for example for m > 4 
 C  10-15 … 10-18. 

 

Figure 8. Experimental tests in order to establish the material constants C and m 

3 PRESENT VERIFICATION CONCEPT 

During service, bridges are subject to wear. Therefore many bridges require an inspection. The 
examination should consider the age of the bridge and all repairs, the extent and location of any 
defects etc. [5]. A continuous maintenance, which generally must increase in time, is important 
in order to assure the safety in operation of the existing structures. The present methodology in-
cludes the following stages [6]: 
STEP 1: estimation of the loading capacity of the structure based on a detailed inspection; 
analysis of drawings, inspection reports, repairs, reinforcements, analysis of the general behav-
iour of the bridge (displacements, vibrations, corrosion and cracks). In this phase the stresses in 
the structure can be calculated with the usual simplified hypothesis; 
STEP 2: the accurate determination of the stresses in the structure and of the remaining safety of 
the elements. This phase includes: tests on materials, computer aided analysis of the space struc-
ture, remaining safety calculated on the base of the real time - stress history; 
STEP 3: in situ static and dynamic tests. 
This methodology adopted by the Romanian standard is illustrated in Figure 4. 

The calculation of remaining fatigue life is normally carried out by a damage accumulation 
calculation. The cumulative damage caused by stress cycles will be calculated; failure criteria 
will be reached. 

i

i

n
D 1

N
           (6) 

The classical fatigue concept is based on the assumption that a constructive element has no 
defects or cracks. However, discontinuities and cracks in the components of structures are un-
avoidable, basically because of the material fabrication and the erection of structures. It is very 
clear that the kind of fatigue cracks, which are initiated by structural non-homogeneity (possible 
non-metallic inclusions or other impurities), surface defects (including corrosion) and the stress 
factor, are present in the old riveted structures. 

The presence of cracks in structural elements modifies essentially their fracture behaviour. 
Fracture, assimilated in this case as crack dimensions growth process under external loadings, 
will be strongly influenced by the deformation capacity of material. The FM approach has ac-
celeration in damage increase; with increasing damage a smaller stress range contribute to the 
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damage increase. The authors proposed a complementary method based on the fracture mechan-
ics basic concept  

I IcJ J                                 (7) 
in order to calculate the remaining fatigue life. 
In practice two situations can be distinguished: 

 D < 0,8 the probability to detect cracks is very low. The inspection intervals (generally be-
tween 3 – 6 years) can be established on criteria independent of fatigue. Nevertheless, a 
special attention must be paid to critical details. 

 D  0,8 cracks are probable and possible. An in situ inspection and the analysis of critical 
details are strongly necessary. Also a fracture mechanics approach is recommended. 
Generally, the establishing of the maintenance program, the determination of inspection in-

tervals, the inspection priorities of structural elements and finally the calculation with high accu-
racy of the remaining service life of old riveted bridges takes into account the following main 
data: 
 type of structure and exploitation conditions (traffic events); 
 information about structural steel (mechanical properties – yield strength, tensile strength, 

hardness, transition curve ductile – brittle and transition temperatures, chemical composi-
tion, metallographic analysis); 

 determination of critical members and details; 
 crack detection and inspection techniques for evaluation of the initial crack size – a0 and 

crack configuration; 
 recording of the stress spectrum for the critical members under the actual traffic loads; 
 evaluation of the critical crack size – acrit based on failure assessment diagrams; 
 fracture mechanics parameter – Kcrit, crit, Jcrit (fracture toughness); 
 simulation of the fatigue crack growth;  
 temperature, environment conditions. 
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Figure 9. Assessment of the remaining fatigue life and the crack growth procedure 

72



  

Figure 10. Soft for life prediction analysis 
 

The methodology is conceived as an advanced, complete analysis of structural elements con-
taining fatigue defects, being founded on fracture mechanics principles and containing two 
steps; namely one of determination of defects’ acceptability with the help of Failure Assessment 
Diagrams (level 2) [7] and of determination of final acceptable values of defect dimensions; this 
is followed by a second step which in fact represents a fatigue evaluation of the analyzed struc-
tural elements basing on the present stress history recorded on the structure, on the initial and 
final defect dimensions and the FM parameters, namely the material characteristics C and m 
from the Paris relation (crack growth under real traffic stress) and further on the exact determi-
nation of the number of cycles N needed in order that a fracture take place, respectively the de-
termination of the remaining service life of the structural elements (years, months, days). 

In order to determine the remaining service life it is important to know how long it will take 
the crack to grow from the minimum detectable size to the critical value. In this situation the 
safe inspection intervals can be calculated with the following relation: 
Tinsp = NRFL / NΔa, where                         (8) 
NRFL = the remaining fatigue life calculated for the structural element 
Na = the number of cycles computed for a crack extension during the inspections of 5 mm. 
The life prediction computing was performed with the help of a soft developed by one of the 

authors (Figure 10) [4]. 

4 CASE STUDIES 

Three European corridors cross Romania’s territory: IV, VII and IX. Of a special interest for 
many European countries is the Pan-European Corridor IV „Berlin - Nürnberg - Prague - Buda-
pest - Constanta /Istanbul/ Thessaloniki”. On Romania’s territory the railway component of Pan 
- European Corridor IV has the following route: Curtici - Arad - Sighisoara - Brasov – Predeal – 
Campina - Bucharest - Constanta.  

Due to the fact that the Campina - Predeal railway route crosses the sub-Carpathians area and 
the southern part of the Southern Carpathians it was necessary to adapt it to the difficult geo-
graphical conditions; actually this section is the most complicated part from the whole Roma-
nian route.  

The railway line was built step by step beginning with 1879. The doubling of the 43 km long 
railway line Campina - Predeal was accomplished between 1939 - 1942. The line electrification 
was completed during 1961 - 1965.  

Generally, the line is oriented from the south to the north. It follows the valley of the Prahova 
River crossing this river in 17 points. 

This section includes 41 bridges. From this total number 29 are plate girder bridges, 6 are 
truss structures, 4 concrete bridges and 2 are conceived in the filler beams deck solution. 
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Figure 11. Emplacement plan 
 
All these structures were verified. In the following some aspects regarding the verification of 

the steel bridges are presented. 
 
The methodology which was adopted is showed in the figure 13. 
After the stress analysis (Figure 12) and the fatigue verifications based on the Wöhler concept 

which were made in relation with the prescriptions of the Romanian standard SR 1911-1998, 
Swiss code 161 & SBB Richtlinie 2002 and the German code DS 805-2002, a life prediction 
analysis based on fracture mechanics principles was performed in order to evaluate the remain-
ing fatigue life for these structures for the new traffic UIC conditions.  

Figure 12. The static model of the structure no. 6, km 108+690,34 
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Figure 13. The assessment methodology and the constructive details 
For example, a plate girder bridge (no. 28, at km 125+323.25) is presented, which is a riveted 

structures crossing the Prahova River. The structure has four spans, one of 13.90 m and three of 
14.10 m each and is skew (skew to the right 48°37’) and its superstructure is made out of inde-
pendent plate girder decks. 

Figure 14. The general disposition of the bridge no. 28 
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Calculation elements: 

- Construction year – 1940. 
- Due to lack of any documentation, the sections of the main girders were outlined in the em-
placement (Figure 15). 

Figure 15. Dimensions of the steel elements – Main girders 
- The basic material to be considered mild steel similar with OL37. 
- The static scheme simply supported girders. 
The traffic on one main railway line was considered: 
- the reference traffic 20-24x106 t/ line/ year  
- the Calculation Centre of SNCF CFR S.A. for the year 2004: 13,7 t/ line / year =>12-16 t / 
line/ year. 
The traffic expressed in pairs of trains per day in the peak month that took place on the line 
Câmpina – Predeal in the year 2004, was: 
- 28 pairs of passenger trains / day; 
- 17 pairs of freight trains / day; 
Total – 48 assimilated pairs of trains / day 
- all the fatigue checks were made for the main girders of the metallic decks in the section from 
the middle of the opening.  

From the statical verifications the maximal stress range for UIC 71 convoy is: 
2/13.97max mmNUIC   

The damage accumulated values resulted D = 0.98. 
Also, the complementary method of fracture mechanics was applied. For the material charac-

teristics followings values were considered: the material is a mild steel similar to the present St 
34 - 37. n (STAS 500/2 – 80); yield stress is σy = 230 N/mm2; tensile stress σult = 360 N/mm2. 

For the material toughness in terms of Jcrit a minimal value of 20 Nmm at a temperature of -
20°C was chosen. For the life prediction procedure in the case of the material constants follow-
ing values have been chosen: m = 3 and C = 3 x 10-12 (see also [8]). 

A stress history was established using the following mixed traffic from EC 1. This is actually 
the future traffic which will be characteristic for the new rehabilitated railway corridor. All 
these trains were moved on the structure in order to establish the multi-block stress history. 
Table 3. Mixed traffic from EC 1 

Train 
type 

No. of trains 
/ day 

Train weight 
[t] 

Traffic volume 
[Mil. t/year] 

1 
2 
3 
4 
5 
6 
7 
8 

12 
12 
5 
5 
7 

12 
8 
6 

663 
530 
940 
510 

2160 
1431 
1035 
1035 

2,90 
2,30 
1,72 
0,93 
5,52 
6,27 
3,02 
2,27 

 67  24,95 
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Figure 16. The stress range diagram Δσ for train type 1 
 
Table 4. Classification of the stress range intervals 

Figure 17. Stress history 
 
The crack case assumed for these structures (riveted bridges) is illustrated in figures 18, 19, it 

is a trough thickness defect.  
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Figure 18. Theoretical crack models      Figure 19. The two studied defect cases 

 
In order to determine the remaining service life it is important to know how long it will take 

the crack to grow from the minimum detectable size to the critical value. 
Two cases were studied:  
 through thickness flaw with initial size a0 = 2.0 mm which is undetectable because it is 

situated under rivet head in the web steel plate, and 
 through thickness flaw with initial size a0 = 2.0 mm which is also undetectable during a 

visual inspection appearing in the corner (lower flange). 
In the first case the remaining fatigue life is estimated at a value of 8.31 years (corresponding 

to a number of cycles of 1 566 000). In the second case the administrator must know that propa-
gation of the crack to the critical value will occur in 8.89 years (N=1 676 000 cycles).  

In this case the safe inspection intervals, calculated with formula 8, are situated between 1.2 
and 2.0 years. 

Finally due to the high corrosion level (Figure 20) and also based on the fatigue assessment, 
the superstructure was proposed for the renewal. 

Figure 20. Corrosion attack details 
For the replacement a modern, economical and robust solution was proposed. These Schmitt 

Stumpf Frühauf solution (VFT-WIB®) [9, 10] has a high degree of prefabrication which goes 
along with a significant improvement of working conditions, as improved weather-independent 
working environment for the workers while erecting formwork, placing re-bars and casting 
concrete is guaranteed. Furthermore a smaller amount of man-hours outdoors at the construction 
site is needed. 

The constructive depth was optimized by a computer specialized programm (Figure 21). 
 
 
 
 

78



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 21. Cross section of the new structure and calculation model 

5 CONCLUSION 

The progress recorded in the last decades allows on one part an accurate evaluation of the re-
maining safety of the structures and on the others part the proposal of new efficient, economical 
solutions with the high level sustainability. 
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1 INTRODUCTION 

Recent earthquakes showed a poor performance of old masonry structures subjected to seismic 
action. Masonry building are characterized by lack of resistance, particularly the tensile stress 
and shear strength, small deformation capacity and low ductility. Consequently old non-seismic 
masonry buildings located in seismic zones, which usually are also very rigid, are characterized 
by high seismic risk and need for retrofitting. 

Improving seismic response capacity of old buildings, erected the prior apparition of modern 
design codes, have become a major task of civil engineers. To apply the new building regula-
tions, express in terms of limit states, in case of an existing one is not always rational from the 
point of view of cost and technical efforts. So, an approach based on multi-level evaluation with 
associated with an appropriate intervention strategy it is necessary. Basically, this means to 
characterize and accept a specific damage levels or to achieve a performance targets of build-
ings at different seismic intensity. These ideas have lead to “Performance Based Seismic As-
sessment” and it is the most efficient tool in case of evaluation and retrofitting of such type of 
buildings. However, to define the margin of safety inherent in buildings and to provide true per-
formance-based capability is not at all an easy task to do, but from the issue of SEAOC's Vision 
2000, important steps in this direction have been made. 

Retrofitting of all vulnerable buildings before the next big earthquake is not a realistic solu-
tion. The main priority should be the evaluation and identification of buildings of highest risk to 
collapse, also to identify those which can ensure Life Safety even it being substandard. Seismic 
rehabilitation of large stocks of buildings requires engineering approaches different from the 
traditional approaches in civil engineering. Specific methodologies to evaluate the seismic risk 
of building stock in highly urbanized area are necessary. In last years important steps were made 
in development of quick methods to establish buildings vulnerability, and assess seismic fragil-
ity (FIB, 2003). 

Performance based evaluation of seismic retrofitting techniques 

A. Dogariu & D. Dubina 
”Politehnica” University of Timisoara, Romania 

ABSTRACT: The Performance Based Evaluation and Retrofitting Design of masonry buildings 
is presented. General principles, the acceptance criteria associated to different performance level 
and intervention strategies, toghether with analysis and evaluation procedures are review. The 
multi-decisional character of selection of retrofitting technique is emphasized and on this pur-
pose a matrix of specific criteria is suggested. 
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2 PERFORMANCE BASED EVALUATION AND DESIGN 

2.1 General considerations 

The role of Performance-Based Seismic Assessment (PBSA) is to provide methods for evaluat-
ing buildings in terms of capability to provide requested performance, by meaning of a sus-
tained amount of damage, when affected by earthquakes. 

Performance Based Seismic Evaluation and Design establishes clear relations between 
Evaluation, Design and Construction within Conceptual frame-work of Performance Based 
Seismic Retrofit (PBSR). It is important to underline the iterative design process in order to 
achieve or respect the desired performance level. In every phase of the rehabilitation process the 
acceptability criteria plays the decisional role, from the initial evaluation, to design process and 
quality ensurance in the erection phase. 

Design codes from all over the world guarantee the structures designed in accordance with 
their provisions would be able resist moderate earthquakes without significant damage, to pre-
vent collapse and provide Life Safety of the inhabitants in case of major earthquake. 

A Rehabilitation Objective (BPO) consists of one or more rehabilitation goals, each goal con-
sisting in the selection of a target Building Performance Level and an Earthquake Hazard Level 
(FEMA 356). Thus the association of a performance level (damage state) to a hazard level is 
called a performance-objective (Arzhang 2004). Rehabilitation Objectives should be selected 
based on the building’s occupancy, the importance of the functions occurring within the build-
ing, economic considerations including costs related to building damage repair and business in-
terruption, and consideration of the potential importance of the building as a historical or cul-
tural resource. 

According to FEMA 356 and ATC40, the Structural Performance Level of a building shall be 
selected from four discrete Structural Performance Levels and two intermediate Structural Per-
formance Ranges and this impose the performance level of the structural. The discrete Structural 
Performance Levels are: Immediate Occupancy (S-1), Life Safety (S-3), Collapse Prevention or 
Structural Stability (ATC40) (S-5) and Not Considered (S-6). 

Same basic performance levels, though more precisely and quantitatively defined, are being 
adopted by most performance-based engineering guidelines today. These quantitatively defined 
parameters are expressed in terms of acceptance criteria, and are defined for almost all types of 
building typologies and component member of steel, reinforced concrete and masonry. The ac-
ceptance criteria for structural members, given in FEMA 356, are values that describe the 
nonlinear relation between force and displacement. The acceptability of force and deformation 
actions shall be evaluated for each component of the building. Prior to selecting component ac-
ceptance criteria, each component shall be classified as primary or secondary and each action 
shall be classified as deformation-controlled (ductile) or force-controlled (fragile). Component 
strengths, material properties, and component capacities shall be determined. Component accep-
tance criteria not presented in standards shall be determined by qualification testing. All primary 
and secondary components shall be capable of resisting force and deformation actions within 
the applicable acceptance criteria of the selected performance level (FEMA 356). 
All actions shall be classified as either deformation-controlled or force-controlled using the component 
force versus deformation curves. 

For some components it is convenient to prescribe acceptance criteria in terms of deformation 
(e.g., θ or Δ), while for others it is more convenient to give criteria in terms of deformation ra-
tios. To accommodate this, two types of idealized force vs. deformation curves are used in 
Figure 1 (a) and (b). Figure 1 (a) shows normalized force (Q/QCE) versus deformation (θ or Δ) 
and the parameters a, b, and c. Figure 1 (b) shows normalized force (Q/QCE) versus deformation 
ratio (θ/θy, Δ/Δy, or Δ/h) and the parameters d, e, and c. 

Elastic stiffness and values for the parameters a, b, c, d, and e that can be used for modeling 
components are given. Acceptance criteria for deformation or deformation ratios for primary 
members (P) and secondary members (S) corresponding to the target Building Performance 
Levels of Collapse Prevention (CP), Life Safety (LS), and Immediate Occupancy (IO) as shown 
in Figure 1 (c) are given in specific chapters of standards (FEMA 356). 
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Figure 1 Generalized Component Force-Deformation Relations and Acceptance Criteria (FEMA 356) 

 
 
The P-BSA of the building is treated separately depending on structural typologies. FEMA 

356 provides in the general chapter qualitative definitions and in the dedicated chapters provides 
quantitative acceptance criteria for ensuring that a specific level of performance be achieved. 

In the case of reinforced concrete and masonry wall structures, a specific guide in order to 
evaluate and asses the seismic damage and behavior of an building is presented in FEMA 306 
and FEMA 307 based on FEMA 273 specification but more oriented on masonry and RC walls 
buildings. These documents adapt the existing state of knowledge rather than develop com-
pletely new techniques. The aim of these documents is to improve the application of the existing 
knowledge and techniques by using observations of earthquake damage to calibrate analytical 
models of component behavior. 

URM wall elements can be subdivided, according to FEMA 306, into five Component Types 
as shown in Figure 2, based on the mode of inelastic behavior. Also shows some of the common 
behavior modes. The majority of modes relate to in-plane damage, but out-of-plane damage can 
occur as well in each of the systems, often in combination with in-plane damage. The five com-
ponent types (see Figure 2) are described in FEMA 306: 

 

 
Figure 2 URM Walls Components FEMA 306 

 
 URM1: Solid cantilever walls. Such walls are typically found adjacent to other buildings or 

on alleys, and they act as cantilevers up from the foundation. 
 URM2: This component is a weak pier in a perforated wall. In this system, inelastic defor-

mation occurs in the piers. 
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 URM3: This component is a weak spandrel in a perforated wall. Inelastic deformation occurs 
first in the spandrels, which may create multi-storey piers similar to URM1 or URM2 and 
then lead to inelastic deformation and damage in the piers. 

 URM4: This component is a strong spandrel in a weak pier-strong spandrel mechanism. By 
definition, it should not suffer damage, and it is not discussed. 

 URM5: Perforated wall with panel zone weak joints. Inelastic deformation occurs in the re-
gion where the pier and spandrel intersect. Such damage is not generally observed in experi-
mental tests, nor is it seen in actual earthquakes, except at outer piers of upper stories. In this 
document, such damage is considered a case of corner damage and, when caused by in-plane 
demands, is addressed as part of the URM3 spandrel provisions. 
For each type of components, the FEMA 306 documents present in detail the ductility cate-

gory, the behavior mode, likelihood of occurrence and damage guide reference. There is also 
mentioned for each "component damage", how to distinguish the failure mechanism by observa-
tion and by analysis, offering clear modeling for evaluation procedures and acceptance criteria 
for both un-damaged and damaged elements, depending on a clear defined level of damage. All 
the failure mechanisms are presented together with performance restoration typical measures. 

PBSA introduce multiple performance goals, to be applied through explicit design proce-
dures, unified in a single Building Performance Objective (PBO). PBO will be specified by the 
owner together with all other involved parts (architect, designer, entrepreneur etc). The main 
steps of the procedure are presented in the following flowchart (see Figure 3). BPO appropriates 
the Building Performance Level with Seismic Hazard. 

 

BUILDING 
PERFORMANCE 
OBJECTIVE

SELECTION OF 
BUILDING 
PERFORMANCE LEVEL

SEISMIC 
HAZARD

SELECTION OF 
STRUCTURAL 
PERFORMANCE 
LEVEL

SELECTION OF 
NONSTRUCTURAL 
PERFORMANCE 
LEVEL

Basic Safety Objective (BSO)
Enhanced Rehabilitation Objectives (BSE-1, BSE-2)
Limited Rehabilitation Objectives (Reduced Rehabilitation 

Objective or Partial Rehabilitation Objective)

Operational Building Performance Level (1-A) 
Immediate Occupancy Building Performance Level (1-B)
Life Safety Building Performance Level (3-C)
Collapse Prevention Building Performance Level (5-E)

Frecvent
Occasional
Rare
Very rare

Immediate Occupancy (S-1)
Damage Control Range (S-2)
Life Safety (S-3)
Limited Safety Range (S-4)
Collapse Prevention (S-5) 
Not Considered (S-6)

Operational (N-A);
Immediate Occupancy (N-B)
Life Safety (N-C)
Hazards Reduced (N-D)
Not Considered (N-E)

 
Figure 3 Selection of seismic hazard and performance levels for structural and nonstructural members 

 
Starting from the Building Performance Objective the designer can establish is performance 

level for the structural and non-structural elements at a certain level of earthquake motion. 
Through different analysis procedures, from simple static linear-elastic (e.g. lateral force 
method, modal response spectrum and linear time-history) to advanced static and dynamic 
nonlinear ones (static pushover, dynamic time-history), the achievement of acceptance criteria 
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need to be checked. Criteria to select the analysis method and specific requirements are avail-
able in most of seismic design standards. 

2.2 Analysis procedures 

The most important effect of earthquakes on building structures is the inertia forces produced in 
the building due to ground shaking. Earthquake being a rare event, structures are usually de-
signed to resist earthquake action in the inelastic range of response. Most of the existing struc-
tures were not designed for seismic action at all, and are therefore expected to respond beyond 
the elastic limit under a major earthquake. The dynamic nature of an earthquake action, which 
has components along the two horizontal directions as well as the vertical one, and the possible 
inelastic structural response, implies a nonlinear dynamic analysis procedure on a three-
dimensional model of the building structure. Though this type of analysis provides the most 
"exact" modelling of structural response under earthquake action, it requires a high degree of 
expertise, and can be very time-consuming. In many cases it is possible to adopt more simple 
analysis procedures. The simplifications may involve the model of the structure (two plane 
models instead of a three-dimensional one), time-history response (static analysis instead of dy-
namic one), and inelastic structural response (linear elastic analysis instead of nonlinear analy-
sis). 

There are five generally adopted analysis procedures used for the seismic analysis of struc-
tures (FEMA 356; Eurocode 8): lateral force method (linear static procedure), response spec-
trum analysis, linear time-history analysis, nonlinear static procedure (pushover analysis) and 
nonlinear time-history analysis. The analysis proclaimed are valid for all typologies, old ma-
sonry buildings included. In FEMA 356, FEMA 307 and in scientific publications are given 
specific modelling parameters in terms of drift ratio or nonlinear behaviour models for unrein-
forced masonry shear walls. 

2.3 Evaluation procedures 

The structural engineering community has developed a new generation of design and seismic 
evaluation procedures that incorporates performance-based engineering concepts. In a short 
term, the most appropriate approach seems to be a combination of the nonlinear static (push-
over) analysis and the response spectrum approach. Examples of such approach are listed be-
low. 
 Capacity spectrum method (CSM), applied in: ATC 40 (Seismic Evaluation and Retrofit of 

Concrete Buildings, 1996); U.S. Army Corps of Engineers, Technical Manuals (Seismic De-
sign for Buildings and Seismic Design Guidelines for Upgrading Existing Buildings, 1998); 
Japanese Building Standard Law (BSL 2000). 

 Nonlinear static procedure, applied in: FEMA 356; N2 method (Fajfar 2000) implemented in 
the draft Eurocode 8  

 Modal Pushover Analysis (Chopra 2001). 
All methods combine the pushover analysis of a multi-degree-of-freedom (MDOF) model 

with the response spectrum analysis of an equivalent single-degree-of-freedom (SDOF) system. 
Inelastic spectra or elastic spectra with equivalent damping and period are applied. As an alter-
native representation of inelastic spectrum, the Yield Point Spectrum has been proposed (Asch-
heim 2000). Some other simplified procedures based on deformation-controlled design have 
been developed, e.g. the approaches developed in Priestley (2000) and in Panagiotakos & Fardis 
(1999). 

The essential difference is related to the determination of the displacement demand (target 
displacement). If an equivalent elastic spectrum is used, displacement demand is determined 
based on equivalent stiffness and equivalent damping, that depend on the target displacement 
and, consequently, iteration is needed. The quantitative values of equivalent damping, suggested 
by different authors, differ considerably. On the other side, for the methods using inelastic spec-
tra, bilinear idealization of the pushover curve is required. If the bilinear idealization depends on 
the displacement demand, then the computational procedure becomes iterative, too. The proce-
dures also differ in the assumed lateral load pattern, used in pushover analysis, and in the dis-
placement shape, used for the transformation from the MDOF to the SDOF system (and vice 
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versa). Only if the two vectors are related, i.e. if the lateral load pattern is determined from the 
assumed displacement shape, the transformation from the MDOF to the SDOF system is based 
on a mathematical derivation. 

Figure 4 displayed the already well know Push-over method used to find the target displace-
ment of a structure on the basis of which the attainment of a specific performance level can be 
controlled. 
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Figure 4 Evaluation methods of structures and evaluation of the structural performance 

3 INTERVENTION STRATEGIES 

3.1 Choice of intervention technique. General criteria. 

Every rehabilitation program of buildings aims at: removing of the causes of the continuing de-
terioration; better conserving of the building after the work is completed; improving of the 
value. Alternative solutions shall be finally validated in terms of four criteria groups of different 
nature (Vayas 2007), which are: cultural and/or social values; technical aspects, structural as-
pects; economical and sustainability aspects. 

 
Figure 5 Strengthening solutions for a RC Frame (CEB – 1996; Sugano 1989) 

 
Form the structural behavior point of view, choice of a specific strengthening technique for 

an existing building is a multi-criteria problem, involving structural, technical, cultural and so-
cial, economical and sustainability aspects. The designer has always several solutions at his dis-
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posal. Finally it needs to select one of them which match better with assembly of validation cri-
teria. In fact, the solution will represent always a rational compromise among different criteria, 
because a single criterion based optimization leads, in general, to an unacceptable choice. 

Moreover, we will hereby show as an example the analysis of possible strengthening solu-
tions, by only considering the structural performance. 

Hereby we will show, the example of an R.C. frame (Sugano 1989) which is required to be 
retrofitted in order to enhance both strength and stiffness to resist seismic actions (see Figure 5). 
For this purpose, seven different strengthening techniques are being examined. In order to de-
cide which of the seven the appropriate one is, we first need to fix the target of intervention in 
terms of strength, stiffness and ductility. 

Regarding the structural aspect, the intervention strategy has to make a choice between in-
creasing the strength of building or to enhance the deformation capacity (e.g. ductility) or a 
good balance of both. The attempt to increase the resistance leads in most of the cases to signifi-
cant increase in stiffness and consequently to increasing seismic force and demands. Anyway, 
the major problem of masonry is deformation capacity, so in case of masonry enhance of de-
formation capacity (see Figure 6) to get more dissipation seems to be the most suitable solution. 

Modern retrofitting strategies insist on using of mixed and reversible technologies. The use of 
“mixed material based technology” enables the optimization of the performance of retrofitted 
structures. The reversibility is very important because it offers the possibility to remove a solu-
tion when more advanced technologies (or more financial support) become available. This as-
pect cannot be neglected in case of the buildings of cultural or historical value. 
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Figure 6 Analysis of the concept of strengthening solutions (ATC40; Buyukozturk & Gunes) 

 
 
From the statements made above, one concludes that in case of masonry buildings reversible 

mixed intervention techniques able to upgrade resistance and enhance the deformation capacity 
of masonry shear walls without significant changes in stiffness are recommended. The interven-
tions that modify the stiffness distribution of building components (like reinforced shotcrete 
jacketing, for instance) have to be carefully applied because could change the initial designed 
hierarchy of structural components and lead to concentrate excessive stress in components not 
prepared for that. 

Also, since the deformation capacity of masonry is limited, it is expected that any technique 
applied for gain of both strength and ductility will be activated only after initial cracking of ma-
sonry occurs. In a PBSA conception such an intervention is efficient usually within LS – CP 
range only. 

The problem is such an approach is the most difficult one because it requires advanced analy-
sis and / or validation tests. 

4 CONCLUDING REMARKS 

In Table 1 is proposed the following Decisional Matrix for selection and validation of reha-
bilitation method. 
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Table 1 Decisional matrix 
Structural aspects L M H Mark 
Capability to achieve requested performance objective (after building evaluation!)    
Compatibility with the actual structural system (no need of complementary strengthen-
ing or confinement measures)    

Adaptability to change of actions seismic typology (near field, far field, T<>Tic, etc)    
Adaptability to change of building typology    

 

Technical aspects L M H Mark 
Reversibility of intervention    
Durability    
Operational    
Functionally and aesthetically compatible and complementary to the existing building    
Sustainability    
Technical capability    
Technical support (Codification, Recommendations, Technical rules)    
Availability of material/device    
Quality control    

 

Economical aspects L M H Mark 
Costs (Material/Fabrication, Transportation, Erection, Installation, Maintenance, Pre-
paratory works)     
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1 INTRODUCTION 
 
The growth of European suburban areas was fast in the 1960’s and 1970’s. Migration from the 
countryside into towns and changes in social structure created demand for fast and massive 
housing production. Concrete quickly reached a dominant position in the construction of fa-
cades and balconies due to the rapid development of the prefabrication techniques of precast 
panels. Large suburbs were built which changed the former pre-war townscape remarkably. 
Nowadays, this modern urban architecture clearly forms an essential part of European cultural 
heritage. 

Seen from the point of view of cultural sustainability, suburban landscapes are primarily en-
dangered by long-term repair activity. Although the stock of buildings with concrete panel fa-
cades built in the 1960’s and 1970’s is relatively young, the repair need of these structures is 
high because of their unexpectedly rapid deterioration. If the structures are of poor quality, or if 
repairs are postponed too much, the degradation of reinforced concrete facades cannot be re-
tarded efficiently enough by appearance-saving light methods. Therefore, in most cases, the re-
pair measures applied as part of standard maintenance will, sooner or later, change the original 
nature of the buildings and townscapes remarkably. 

This paper deals with the maintenance and renovation of suburban areas from the conserva-
tion point of view. Here, conservation is considered the application of such maintenance meas-
ures that preserve the original appearance of a structure. Here represents a tool that makes it eas-
ier to understand the technical aspects of conservation and how time affects conservation 
possibilities by introducing measures that allow evaluating the chances of maintaining the origi-
nal appearance of a particular building throughout its lifetime. 
 

Conservation of suburban concrete buildings 

J.M. Lahdensivu & J.S. Mattila 
Tampere University of Technology, Tampere, Finland 

ABSTRACT: Suburban areas grew fast all over in Europe in 1960’s-1970’s. Nowadays this 
modern urban architecture clearly forms an essential part of European cultural heritage. From 
the cultural sustainability point of view, especially suburban landscapes with concrete facades 
are endangered by long-term repair activity. 

The service-life of reinforced concrete structures is often strongly limited by deterioration 
due to several mechanisms. Therefore, some kinds of repair measures become, sooner or later, 
necessary to maintain the aesthetics and safety of the structures. In many cases repair measures 
change the original appearance of buildings. By applying suitable relatively light measures well 
in advance, it is usually possible to prevent damage or at least retard the propagation of deterio-
ration and postpone the need of heavy repairs. 
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1.1 Suburbs as a target of conservation 
The building stock in Northern Europe, like in Scandinavia, is relatively young. Most of the 
buildings, for example in Finland, has been built in 1960’s or later. Older buildings are often 
considered so valuable that their preservation is taken for granted. However, in the case of mod-
ern suburban buildings built in the 1960's and 1970's, there are often huge amount of similar 
houses that are not valued very highly. Therefore, it may be unnecessary to try to conserve eve-
rything - it is rather possible to select part of this huge mass for conservation. 

Figure 1. Modern Frölunda suburb in Gothenburg, Sweden. 
 
The problem is usually to choose those buildings where conservation is sensible technically and 
economically. It is not necessarily sensible to invest huge resources in the conservation of build-
ings where deterioration is progressing rapidly, if there are similar buildings which can be main-
tained with minimal effort because of their good technical quality. 

1.2 Technical aspects related to conservation 
The service-life of reinforced concrete structures, like concrete panel facades and balconies, is 
often strongly limited by deterioration due to several mechanisms. Therefore, some kinds of re-
pair measures become, sooner or later, necessary to maintain the aesthetics and safety of the 
structures. Heavy repairs are usually needed to restore the technical performance of the structure 
if the quality of a structure is poor and its exposure is severe, and if maintenance is neglected. 
Such repairs often change the original appearance significantly. Therefore, it is important to 
take into account the properties of the structure as well as the effects of deterioration in deter-
mining the need of maintenance in the future, when the eligibility of a target building for con-
servation is evaluated. 

By applying suitable relatively light measures well in advance, it is usually possible to pre-
vent damage or at least retard the propagation of deterioration to prolong the service-life signifi-
cantly and postpone the need of heavy repair. Therefore, it is important to be aware of the avail-
ability and impact of maintenance-type repair methods. 

2 DEGRADATION OF CONCRETE 
 
Concrete facades exposed to European outdoor climate are deteriorated by several different deg-
radation mechanisms, whose progress depend on many structural, exposure and material factors. 
Degradation may limit the service life of structures and, therefore, the possibility of retaining 
the present or original appearance of buildings and suburbs. It is important to know the basics of 
the degradation mechanisms of concrete to be able to successfully use suitable renovation meas-
ures. Degradation may result in, for instance, aesthetic problems or even reduced bearing capac-
ity of structures. 

The different types of degradation mechanisms, the alternative repair methods that do not 
change the appearance and the procedure to find out the condition of concrete facades are dealt 
with in this paper shortly. Under European outdoor climate the corrosion of reinforcing steel to-
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gether with the disintegration of concrete are the major degradation mechanisms that cause the 
need for repair of concrete facades. 

2.1 Corrosion of steel 
Reinforcing bars within concrete are normally well protected from corrosion due to the high al-
kalinity of concrete pore water. Corrosion may start when the passivity is destroyed, either by 
chloride penetration or due to the lowering of the pH in the carbonated concrete (Page 1988). 

 
Carbonation 

Carbonation is a chemical reaction where atmospheric carbon dioxide diffuses into the pore 
system of concrete and reacts with the alkaline hydroxides of concrete. Due to carbonation, the 
pH of the concrete decreases from the level of 13 to the level of 8.5 and the passivity of rein-
forcing steel loses its passivity. Carbonation begins at the surface of a newly constructed mem-
ber and propagates slowly as a front at a decelerating rate deeper into the structure. The speed of 
propagation is influenced mainly by the quality of concrete (amount of cement and porosity of 
concrete) as well as moisture exposure. Heavy moisture exposure, for example due to rainfall, 
slows down carbonation because water blocks the pores from CO2 ( Parrott 1987, Tuutti 1982 
and Richardsson 1988). 

Carbonation cannot be seen. The determination of the carbonation depth of concrete always 
requires sampling and laboratory testing. The most typical carbonation depths of concrete fa-
cades constructed in the 1960’s and 1970’s are nowadays around 10 – 20 mm if the concrete 
quality is normal. The depth of the concrete cover varies a lot, but quite often the reinforcement 
is in carbonated concrete. The corrosion problems are actually caused by insufficient cover 
depths of reinforcement.  
  
Chloride contamination 

The passivity of steel may be destroyed also by the presence of chlorine ions derived either 
from the environment or from the use of contaminated constituents of concrete. Chlorides act as 
catalysts to corrosion and, therefore, the corrosion process may proceed rather quickly. The 
threshold value of chloride contamination for corrosion to start in non-carbonated concrete is 
extremely low, i.e. around 0.03 - 0.07 weight percent (Anon. 2002). Whereas carbonation-
induced corrosion leads to more or less uniform corrosion, chloride attack usually causes local-
ised corrosion, which can result in severe reduction in steel diameter. Chloride-induced corro-
sion becomes highly accelerated when carbonation reaches reinforcement depth. This means 
that the extent of visible corrosion damage may increase strongly in a short time. 
 
Active corrosion 

Once the passivity is destroyed either by carbonation or by chloride contamination, active 
corrosion may start in the presence of moisture and oxygen. The rate of corrosion depends 
strongly on the moisture content of concrete and proceeds significantly only if the relative hu-
midity of concrete exceeds 80 % (Tuutti 1982). Due to corrosion, the diameter of steel bars be-
comes smaller and their tensile capacity is weakened. Thus, besides aesthetic problems, corro-
sion may also cause a safety hazard. 

Corrosion may run for a long time before it can be noticed on the surface of the structure. 
Eventually, corrosion products accumulate on the steel surface and occupy a 3 to 6 times larger 
volume than the original metal. This generates an internal pressure, which leads to cracking or 
spalling of the concrete cover (Parrott 1987 and Tuutti 1982). 

2.2 Disintegration of concrete 
Concrete is a very brittle material. It can stand only extremely limited tensile strains without 
cracking. Internal tensile stresses due to expansion processes inside concrete may result in inter-
nal cracking and, therefore, disintegration of concrete. Concrete may disintegrate as a result of 
several phenomena, such as frost weathering, formation of late ettringite or alkali-aggregate re-
action. Frost weathering is the most common degradation mechanism in Northern Europe. 
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Disintegration by freeze-thaw exposure 
Concrete is a porous material whose pore system may hold varying amounts of water, easily 

more than 10 % of its volume. As the water in the pores freezes, it expands about 9 % by vol-
ume, which creates hydraulic pressure in the system. If the level of water saturation of the sys-
tem is high, the overpressure cannot escape into air-filled pores and thus causes mechanical 
damage to the internal structure of the concrete resulting finally in total loss of strength (Pigeon 
& Pleau 1995).  

Frost resistant concrete can be produced by air-entrainment, which means that a sufficient 
amount of permanently air-filled so-called protective pores are created in the concrete by adding 
a suitable agent to the concrete mix. The idea of the protective pores is that the pressure from 
the freezing dilation of water can escape into these airfilled pores. 

Most of the concrete cast in the 1960’s and 1970’s is not frost-resistant, which is why its 
moisture behaviour and level of moisture exposure have a strong impact on probability of frost 
damage (Lahdensivu et al. 2009). Because the propagation of frost damage requires that the 
pores are almost totally filled with water, a reduction in moisture exposure is an efficient way to 
reduce the risk of damage. 
 
Formation of late ettringite 

The formation of late ettringite is a chemical reaction caused by sulphate minerals that occur 
in hydrated cement. Ettringite may form in concrete as a result of excessive thermal treatment 
during the curing of concrete or if the concrete is for some reason contaminated by sulphates 
(Anon 1992).  

An ettringite reaction involves a strong volume expansion of reaction products, i.e. swelling, 
since the volume of ettringite is roughly 300-fold compared to the volume of the reactants 
(Anon. 1992). The forming ettringite mineral crystallises onto the walls of the air-filled pores 
whereby the volume of protective pores and the frost resistance of concrete decrease. An et-
tringite reaction leads to concrete degradation either as a result of frost weathering or as the 
pressure created by the filling of pores causes cracking of the concrete. Finally, the deteriorated 
concrete loses its strength. 

The formation of ettringite requires that the concrete is very moist at least periodically. 
 
Alkali reactivity of aggregate 

An alkali-aggregate reaction is an expansion process between alkali and aggregate grains in 
hardened concrete. Due to the alkalinity of hydrated cement, certain types of aggregate may de-
grade producing expansive products. The reaction requires that the cement contains an abun-
dance of alkalis (Na, K), the aggregate includes minerals with low alkali resistance, and the 
moisture content of the concrete is sufficiently high. Alkali-aggregate reactions are divided into 
three general types: alkali-silicon, alkali-carbonate and alkali-silicate reactions depending on the 
reacting aggregate (Hobbs 1988 and Punkki 1994).  

A concrete structure affected by an alkali-aggregate reaction is typically stained by surface 
moisture, exhibits irregular pattern cracking and swelling, and has a gel-like reaction product 
oozing out of the cracks. The damage caused by the alkali-aggregate reaction resembles the 
cracking due to frost weathering and both often appear simultaneously. 

2.3 Other degradation 
Other typical damage in concrete facades and balconies are reduced bearing capacity of struc-
tural members, weakening of fixings or ties, delamination of tiles, degradation of coatings and 
deformation and cracking. A malfunction in the moisture behaviour of structures in itself is also 
an important degradation mechanism. It may also initiate or accelerate other degradation, like 
corrosion or disintegration, by causing accumulation of excessive moisture on concrete. There-
fore it is crucially important to pay regard to these problems in maintenance as early as possible. 
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3 MEASURES TO RETARD DETERIORATION 
 
When the general aim is to preserve the original appearance of a concrete structure for as long 
as possible, it is important to apply well in advance measures that can protect the structure from 
deterioration processes, or at least retard them as much as possible. If this kind of pro-active 
maintenance is neglected, heavy repairs such as overcladding, which changes appearance, will 
often become necessary sooner or later. There are several alternative repair measures which do 
not change the appearance of the building. 

3.1 Renewal of surface treatment 
When the surface treatment is renewed the basic properties and the damage state of the old 
structure remain the same as before the repair. It is important to realise that physical damage of 
a structure cannot be repaired just by applying a new coating. 

Most harmful deteriorative processes require a lot of moisture. Therefore, reducing moisture 
exposure is the main procedure for retarding expansion of damage. It can be realised by special 
coatings, by renewing joints, and by improving the moisture behaviour of structural details in 
general. Suitable coatings can reduce the passage of potentially deleterious substances, like 
moisture, and hence slow down deterioration. Certain types of coatings prevent the penetration 
of liquid water into concrete without hindering the escape of water vapour from it.  

Standard Painting is mainly an aesthetic measure and it is suitable when the old concrete 
structure itself is in good condition. It should be remembered that even if the surface of the 
structure seems to be in good condition, this does not mean that there could not be serious dete-
rioration inside. The typical service-life of an ordinary coating on a concrete facade is around 10 
- 20 years.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Degradation of surface treatment is typical in concrete facades and balconies. 
 

Protective Coatings may be utilised if the structure is still in good shape but there is risk of 
future damage. Concrete that is not air-entrained or is made with alkalisusceptible aggregate or 
where the carbonation front has advanced near the reinforcement are examples where a protec-
tive coating may be a good solution for retarding deterioration. It should be pointed out that pro-
tective coatings may not function as expected if the concrete is already damaged. A typical ser-
vice-life for a protective coating on a concrete façade is around 20 – 25 years. 

Impregnation means treatment of surfaces by a material, which penetrates into concrete and 
provides it with water-repellent properties without changing the colour or forming a film on the 
surface. Impregnation can be made with a liquid, gel or cream type material, which usually con-
tains silane. Impregnation reduces the amount of water absorbed by concrete e.g. from rainfall. 
However, it is important to realise that when the surface turns non-absorbing, the amount of wa-
ter penetrating the surface locally, for example through cracks and other leakage points, will in-
crease. 
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3.2 Patch repair 
Patch repair of local visible damage and renewal of elastic joints are usually connected to stan-
dard painting procedure. Patch repair is a traditional way of repairing local damage in all kinds 
of concrete structures. It can be a light method in connection with coating renewal, but also in-
volve heavy repair. In the heavy alternative, also areas where the damage is still unseen are re-
paired. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Repair of local visible damage by patch repair and renewal of elastic joints. 
 
The basic idea of a patch repair is to remove deteriorated concrete and expose corroding steel, 
and then replace the removed concrete with new material (Fig. 3). Cast concrete, shotcrete or, 
most usually, special repair mortar is used in the work. The surface of the repaired area is fin-
ished by different methods depending on the surface type. In the case of painted plain concrete 
surfaces the whole façade may be treated with finishing mortar and then recoated. 

Patch repair is a feasible method when the amount of damage is very limited, like slight cor-
rosion damage or small local incipient disintegration and the repair work is easy and simple. A 
good rule of thumb is that local repair should be applied only to local damage. Prior to planning 
of repair, a careful condition investigation has to be always carried out to find out the real extent 
of the damage to be repaired. 
 In principle, patch repairs are suitable when the aim is to conserve the present appearance of 
the building. If the surface cannot be coated or it is highly textured, it is possible that the re-
paired areas stand out too clearly from the original surface. A typical service-life for a thorough 
patch repair on a concrete façade is around 20 - 30 years. 

3.3 Electrochemical repair methods 
Widespread corrosion of reinforcement is one of the main causes of the repair of concrete struc-
tures. If patch repair is applied in cases where corrosion is no longer local, a lot of money has to 
be spent on chipping off concrete. In other case, the result of the repair will probably not prove 
very durable. With electrochemical methods, it is necessary to remove only those parts of con-
crete that have already cracked or spalled. 
 There are three different electrochemical maintenance methods available: realkalisation, 
chloride removal, and cathodic protection. They all have the same operational principle: by 
means of an external conductor, an electric current is passed through the concrete to the rein-
forcement. The final result of the current is that corrosion is halted either by removing the ag-
gressive chlorine ions from concrete (chloride removal), by restoring the alkalinity of concrete 
(realkalisation), or by permanent potential shift (cathodic protection). 

3.4 Migrating corrosion inhibitors 
The general purpose of corrosion inhibitors is to retard the rate of the corrosion reaction in car-
bonated or chloride-contaminated concrete by hindering some of the sub-reactions of corrosion. 
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Migrating inhibitors are liquids, which are applied to the surface of an existing structure from 
where they travel slowly by diffusion to the surface of the steel. Inhibitors are consumed with 
time and will only work up to given level of activation. So far, it has been impossible to develop 
migrating inhibitors that have a sufficient inhibitive effect also in practise. 

3.5 Demolition and rebuilding 
Sometimes, when there is severe damage in a structure, it may prove most convenient to demol-
ish and rebuild the structure. This is true especially in the case of prefabricated structures be-
cause their demolition is usually not too complicated. The new panels may imitate the original 
appearance of a façade. However, today's construction techniques do not always enable to 
achieve just the same result as originally. The patina formed during the decades of use is not 
possible to restore by any means. The service-life of demolished and rebuilt precast panels is up 
to 100 years. 

4 PROCEDURE TO DETERMINE CONDITION 

The suitability of repair measures required for the maintenance of a target building depends 
strongly on its technical condition, i.e. the types of deterioration processes going on, their cur-
rent stage, and how quickly they will cause problems. Usually, degradation may proceed for 
relatively long in a structure before becoming visible. Therefore, the durability of a concrete 
structure, the possible propagation of deterioration and the remaining service-life cannot be de-
termined by visual inspection if the damage is not already severe. They can only be established 
by a systematic investigation procedure, a condition investigation, which should be carried out 
by a skilled investigating engineer whenever repairs are considered. A condition investigation 
determines the technical suitability of a target building for conservation. Technical suitability 
for conservation means here the easiness of retaining the building's appearance through mainte-
nance. 

Because major technical and financial decisions are made on the basis of a condition investi-
gation, it should be reliable. If repairs are done without a proper condition investigation, many 
kinds of difficulties can be faced either during the repair work or during later maintenance of the 
repaired structure. If an unsuitable repair method is selected, the service life of the structure will 
be shortened. If the reason for the damage does not become clear, it cannot be eliminated by the 
repair and degradation may continue despite the repair measures. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Different factors which has influence on decision of repair method. 
 

The technical condition of concrete façade or balcony and the service life which the investigated 
structure has left can be found by systematic condition investigation. The information on the de-
terioration level of structures from a condition investigation allows the selection of appropriate 
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repair methods and an assessment of related risks and the service life of the repair. Thus, the in-
vestigator must be highly knowledgeable about the performance and properties of examined 
structures and understand the degradation mechanisms, defects, deficiencies and repair methods 
as issue. 

5 PREREQUISITES FOR CONSERVATION 

There are several factors which affect how easy it is to maintain the original appearance of a 
concrete façade or balcony. In many cases the greatest problem causing the need for repair ac-
tion is caused by the degradation of structures. 

The purely technical factors which usually determine the difficulty of conserving a concrete 
façade are listed in the following table (Table 1). The attributes leading to a case which can be 
easily conserved are collected in the upper part of the table. The attributes that make conserva-
tion difficult are at the bottom of the table. Often the main factor determining the choice of the 
proper repair method is the state of degradation of structures. The alternatives are described in 
the first column. If there is no damage present or even expected in the near future, the measures 
required for conservation are much easier than when widespread damage has occurred. A fact is 
that in certain cases the damage is such that it is almost impossible to avoid using repair meth-
ods which will change the appearance totally. 
 
Table 1. Technical factors determining the easiness of conservation (Varjonen et al. 2006). 
 Current and expected state of 

damage 
Difficulty of the type of concrete 
surface to be conserved 

 No damage present or expected  
Disintegration: 
- concrete is frost-resistant and  
- no alkali-silica reactivity   
Corrosion: 
- cover depths are sufficient and    
- concrete contains no chlorides 
No structural problems 
 
Only local damage present or expected  
- i.e. damage is not expected to expand in the 
future  

 
Deterioration is possible, but no wide 
spread visible damage is present and there 
are no structural problems 
Disintegration: 
- concrete is not frost-resistant and/or  
- alkali-silica reaction is possible   
Corrosion: 
- cover depths are insufficient and concrete is 
carbonated and/or 
- concrete contains chlorides near surface 
 
Widespread damage and/or serious struc-
tural problems   

Painted plain concrete 
Concrete surface can be coated 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Structured surfaces: 
- Uncoated plain concrete 
- Brushed concrete 
- Exposed aggregate concrete 
- Ceramic tile finishing 
- Pigmented uncoated concrete 
- Patterned concrete 
 Special surface textures 

 
Another technical factor which usually affects the difficulty of conservation of concrete facade 
is the type of the present concrete surface. The alternatives are described in the second column. 
Generally speaking, it could be said that in case of painted plain concrete there are more options 
for conserving the surface than, for example, in the case of exposed aggregate concrete. Ex-
posed aggregate concrete is usually almost impossible to repair with light methods, like patch 
repair, if the purpose is to achieve a surface similar to the one before the repair. 
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The table can be used when evaluating the chances of maintaining the original appearance of 
a particular building. It is important to note that the feasibility or ease of conservation depends 
also on other than technical factors. The requirements for final surface quality play a crucial 
role. If, for example, it is acceptable that the repaired areas may stand out from the final surface 
after patch repair, the options are much wider than if the surface is expected to have a uniform 
coating. 

It must be stressed that the table or this paper in general, does not deal with the evaluation of 
the need of conservation. That is done on the basis of architectural values. 

6 CONCLUDING REMARKS 

Conservation of suburbs and their buildings is quite complex procedure. Architectural values 
determine the need for conservation and technical aspects determines the easiness or possibility 
of conservation. 

Because the building stock of modern suburban buildings is large, it is possible to select such 
buildings where the maintenance can be done with minimal effort because of their good techni-
cal quality instead of similar buildings where deterioration is progressing rapidly and huge re-
sources should be invested to conservation. Therefore, technical issues should be properly taken 
into account when considering conservation of buildings. 

When a decision to conserve a concrete façade or balcony has been made, it is important to 
launch all sensible measures to protect the structure from deterioration. It is also vital that the 
feasibility of the maintenance and repair techniques to be used is determined by a professional 
structural engineer specialised in the maintenance of concrete structures. The decisions should 
be made on the basis of the results of the condition investigation. 

Generally speaking, the most dangerous enemy of reinforced concrete structures is simply 
moisture. All significant deterioration mechanisms need quite a lot of water to proceed and 
cause problems. The most useful rule of thumb to prolong technical service-life is to promote 
measures that decrease the moisture exposure of structures and/or speed up drying.  
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1 INTRODUCTION 
 
Deterioration of concrete structures may lead to extensive need of repair causing large direct 
and indirect costs. There are many factors leading to repairs, but by far the most part of repair 
needs is known to result from reinforcement corrosion and disintegration of concrete. 

To avoid massive increase of repair costs it is sensible to try to struggle against deterioration 
mechanisms by protective measures. However, the proven protective treatments, such as ca-
thodic protection and cladding with additional thermal insulation on façade surfaces, are expen-
sive. Therefore, there is a great need for lighter alternatives such as coatings to protect structures 
from deterioration. The problem is that the performance of many of these light alternatives has 
not been proven by independent research in representative exposure. They do not usually have a 
long track record in well-documented conditions either to prove their efficiency. 

2 PROTECTION FROM MOISTURE 
 
Protection of reinforced concrete structures by lowering their moisture content is theoretically 
an effective alternative because the progress of practically all significant deterioration mecha-
nisms is strongly dependent on the availability of water. Corrosion of steel is most rapid in par-
tially saturated concrete (Alonso et al. 1988) and also the progress of disintegration (frost dam-

Effect of water repellent coatings on the corrosion rate of 
reinforcement in carbonated concrete facades and balconies 

J.S. Mattila 
Tampere University of Technology, Tampere, Finland 

ABSTRACT: Carbonation induced reinforcement corrosion is a widespread and important prob-
lem affecting many kinds of outdoor concrete structures which are not exposed to saline envi-
ronment, for example concrete facades and balconies. In these structures, a water repellent 
treatment may lower the rate of already initiated corrosion remarkably, which will be favourable 
from the viewpoint of durability. However, the effect of these treatments can not be easily 
evaluated theoretically because of the complex moisture behaviour of outdoor concrete struc-
tures. 

In the author’s laboratory, an apparatus has been developed which is capable for automated 
continuous multi-channel field monitoring of corrosion rate of steel reinforcement in concrete. 
This device is used to evaluate the long-term efficiency of water repellent coating to decrease 
the corrosion rate of reinforcement in carbonated concrete facades panels.  

According to the results, the average rates of corrosion decreased roughly by 80 % in the sur-
faces treated with water repellent coatings compared to “open” surfaces coated with a permeable 
silicate paint. The corrosion rates in the surfaces treated with water repellent coatings were 
equal to the one of the surfaces treated with the protective coatings with higher water vapour re-
sistance. From the instantaneous corrosion rates around freezing temperature it can also be con-
cluded that the moisture content of coated concrete has been well below the critical level needed 
for the development of frost damage. 
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age, formation of late ettringite and alkali-aggregate reactions) require that concrete is nearly 
fully saturated at least from time to time. If the humidity of concrete can be lowered down to 90 
% of relative humidity or less, corrosion rate will decrease some 90 % (Tuutti 1982) (see also 
Figure 1). Simultaneously, the disintegration by freeze-thaw exposure halts totally. This simul-
taneous impact of drying on several degradation mechanisms is useful not only because of this 
multi-influence, but also because a protection designed to retard one mechanism cannot easily 
accelerate some other deterioration mechanism. What comes to the acceleration of carbonation 
due to drying of concrete (Parrott 1987), it is important to realise that protective coatings are not 
generally intended to be applied to new structures, but as a part of maintenance. In these aged 
structures it is usual that carbonation has already reached some part of reinforcement. To 
achieve a durable repair result it is important to make sure that the active corrosion in these 
spots is slow enough. Another important point is that from experience it is known that corrosion 
damage due to carbonation has not occurred in those parts of facades where the moisture expo-
sure is low and carbonation quick but just the opposite. In practise, most part of corrosion dam-
age is located in the parts of facades where moisture exposure has been more intense than the 
average value.              

 
 
 

 
 

 
 
 

 
 
 
 

 
 

 
 
 
 
Figure 1: Relationship between cell current and relative humidity in concrete according to (Tuutti 1982).  
 
As discussed above, the protection of a reinforced concrete structure by lowering its moisture 
content is a relatively straightforward and easy method when the viewpoint is in the degradation 
mechanisms. It turns much more complicated when the different kinds of engineering view-
points are considered, especially if protective coatings are dealt with.  

The evaluation of the efficiency of the coatings to lower the moisture content of concrete 
structures is a complicated problem. The performance of a coating does not depend on the coat-
ing itself alone, but also on the properties of the structure and on the type and level of moisture 
exposure. The performance of coating in lowering the moisture content of concrete can be 
evaluated by different kinds of calculations. However, these calculations are in many cases too 
simple to reflect reality even coarsely. For example, although the majority of the moisture expo-
sure in a sandwich type of concrete panel wall with no ventilation gap results from driving rain, 
a significant amount of water may find its way behind the coating due to diffusion of indoor 
humidity or due to leakage of joints or through cracks in concrete. These factors, which might 
affect the performance seriously, are usually not taken into account in calculations at all. 

3 MONITORING OF THE EFFICIENCY OF COATINGS TO RETARD CORROSION 
 
The evaluation of the performance of the protective coatings to retard active corrosion is a com-
plex task due to many reasons. The corrosion rate is extremely steeply dependent on moisture 
content of concrete, as can be noticed from Fig. 1. This means that even a minor beneficial 
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change in moisture content may be sufficient to retard corrosion significantly. Another difficulty 
is faced in measuring moisture content of concrete. The accuracy of top quality electronic mois-
ture meters is usually not better than ± 3 percentage units relative humidity at high humidity 
range. Within this range the corrosion rate may vary more than a decade (Tuutti 1982). Another 
important point is that the maximum reading of relative humidity meters is naturally 100 %, 
which is, however, not the maximum moisture content of concrete. The super hygroscopic hu-
midity levels should been able to be taken into account as well. Therefore, the performance of 
coatings to reduce active corrosion cannot be studied reliably by measuring moisture unless the 
decrease of the moisture content is systematic and large.  

Another important point is that the moisture exposure in outdoor concrete structures cannot 
be simulated accurately enough in laboratory. The reason for this is that all the parameters de-
termining the microclimate inside the structure, which determines the rate of degradation, can-
not be predicted accurately enough. This means that the performance of coatings has to be stud-
ied in real structures and under real conditions to obtain reliable results.  

The moisture conditions of real structures under climatic exposure are known to be in a con-
tinuous state of change. Therefore, it is important that the single measurements are taken fre-
quently enough to catch also short-term phenomena. For example, readings taken once a day in 
the morning might give very different results than the same readings taken in afternoons.        
 To pass the problems mentioned above, a tailor-made device for the monitoring of corrosion 
rate of steel in concrete was developed in Tampere University of Technology, Department of 
Structural Engineering in late 1990’s. The developed device uses polarisation resistance method 
(Stern and Geary 1957). The device is fully automatic to perform continuous monitoring of cor-
rosion rate and equipped with mobile data connection so that no manual operation on site is 
needed. The device can deal with a maximum of 120 measurement channels. The device is de-
scribed in more detail in (Mattila and Pentti 2003). 

4 EXPERIMENTAL 
 
The device described shortly in the previous chapter was utilised to monitor the performance of 
coatings to reduce corrosion rate of steel reinforcement in carbonated concrete façade panels. 
The practical experimental arrangements are described in this chapter. 

4.1 Sensors 
For the monitoring of corrosion rate, special sensors to be mounted into structures of existing 
buildings were prepared (see Figure 2). The basic idea of the sensors was to simulate reinforced 
concrete structure where reinforcing steel is corroding in carbonated concrete. The sensor con-
tains reinforcement bars and suitable electrodes for the monitoring of corrosion rate by polarisa-
tion resistance method. 
 

 
 

 
 
 
 
 

 
 
 

 
 
 
 
Figure 2: Schematic diagram of the sensor developed.    
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The composition of the concrete used in the sensors was selected so that the concrete would be 
as similar as possible to the concretes used in concrete facades in Finland during 1960’s and 
1970’s. The mix design and the basic properties of the concrete used in the sensors are pre-
sented in Table 1. 
 
Table 1: Mix design and basic properties of the concrete used in the sensors. 

 
Quality 

 
Value 

 
Binder 

 
OPC 300 kg/m3 

 
Water/cement-ratio 

 
0,65 

 
Air content 

 
3,8 % 

 
Compressive strength 

 
25 MPa 

 
Moisture content in capillary saturation 

 
6,2 w-% 

 
The diameter of sensors was 110 mm and thickness 60 mm, which is the typical thickness of the 
outer panels of Finnish concrete facades. The steel bars used in the sensors were ordinary cold 
drawn reinforcement with the diameter of 4 mm and nominal yield strength of 500 MPa. There 
were three reinforcement bars in each sensor with the cover depths of 5, 10 and 15 mm, respec-
tively.    

After casting and 28 days of curing in 40 °C water to achieve high degree of hydration as in 
old structures, the sensors were exposed to accelerated carbonation in 4 % carbon dioxide ac-
cording to (Dunster 2000) until carbonation has reached all the studied bars. 

4.2 Coatings 
Four different coating systems were studied. All the coatings were from the portfolio of Tikku-
rila Paints Oy. The product description of the coating systems and the basic properties of them 
measured in this research are presented in Table 2. 
 
Table 2: Product descriptions and basic properties of the coating systems studied.  

Code Description 
Water vapour 

permeability *)  
sd [m] 

Water suc-
tion rate 7 h *) 

[g/m2s½] 

C0 Silicate  paint (permeable treat-
ment for a reference) 0.32 0.069 

C1 Silicon resin paint   0.57 0.011 
C2 Hydrophobic primer and acrylic 

paint 1  0.89 0.019 

C3 Polymer modified finishing mor-
tar 3 mm and acrylic paint 2  1.61 0.014 

 
*) The permeability was measured from the samples, where coating was applied on the concrete discs 
(mix as in Table 1). The thickness of the discs was 20 mm. 
 
The coatings were applied by brush onto carbonated ends of the sensor cylinders according to 
manufacturer’s instructions. 

4.3 Instrumentation arrangements 
Coated sensors were mounted in three residential blocks, of which two were located in Tampere 
(exposed to midland climate) and one in Espoo near to the south coast of Finland (exposed to 
more severe coastal climate).  
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Altogether 14 sensors were installed in each building, five sensors coated with totally open 
reference paint (C0) and three sensors coated with each water repellent coating. All the sensors 
were mounted in a horizontal row in the middle of the uppermost wall panels facing south.    

The sensors are mounted into holes drilled through outer leafs of concrete panels (see Figure 
3). The gap between the sensors and the panel were sealed with elastic polyurethane sealant to 
prevent the leakage of water into the structure. In addition, the envelope surfaces of the sensor 
cylinders were sealed with aluminium adhesive tape to prevent the moisture transfer between 
the sensor and the concrete of the outer panel so that the performance of the old coating on the 
concrete surface surrounding the sensor would not have an influence on the moisture stress of 
the sensors.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Principle of the installation of sensors into existing structures. 
 

The installation of the sensor took place in the summer 2000 and the monitoring system was in-
stalled during the autumn 2000. The collection of the corrosion rate data was started from the 
beginning of December 2000 and it was stopped at the end of year 2002. 

5 RESULTS AND DISCUSSION 

The efficiency of the protective coatings was measured by continuous monitoring of the corro-
sion rate of reinforcing steel in carbonated and coated concrete. The quantity measured by the 
monitoring system is the corrosion current [µA/cm2]. This was converted to cumulative radius 
loss of steel section in µm (corrosion depth) by integrating the corrosion currents over time and 
applying the Faraday’s law. This was made to make it easier to get a quantitative picture and 
significance of the results. 

The cumulative radius losses calculated from the monitoring results from the 25 month moni-
toring period are presented in Figure 4. The sections of each bar in the figure represent the 
monthly values of radius loss so that the bottom section of each bar represents the radius loss 
measured in the first monitored month, i.e., Dec. 2000, and the uppermost section represents the 
last monitored month, i.e., Dec. 2002. All the sections are not distinguishable in all the bars be-
cause of the exiguity of the monthly corrosion especially in the sensors with protective coatings.    
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Figure 4: Average cumulative radius losses of steel sections in three buildings in the 25 month monitor-
ing period.  

 
From Fig. 4 it can be observed that all water repellent treatments reducing the amount of liquid 
water intake of concrete (C1, C2 and C3) decreased the corrosion rate of steel in concrete 
clearly and systematically. The reduction over the monitoring period varied between 68 and 84 
% compared to a permeable reference coating (C0) depending on the treatment and building. 
The reductions in the corrosion rate due to each coating in the three buildings in average are 
presented in Table 3.  
 
Table 3: Average reductions of corrosion rates of steel in the sensors treated with different water repellent 
coatings compared to the reference sensors treated with a permeable coating. 

Coating system  C1 C2 C3 

Proportional average reduction of 
corrosion rate compared to reference 
coating C0  

-79% -79% -75 % 

 
To evaluate the measured quantities (radius losses), results from (Alonso et al. 1998) and 
(Andrade et al. 1993) can be used as a guideline. According to these, an average radius loss of 
50 µm is required to cause the first visible crack (0.05-0.1 mm) in the cover concrete when the 
cover depth is relatively small. On the basis of this it can be calculated coarsely, what will be 
the duration of the active corrosion phase before cracking in studied structures. The results from 
this calculation are presented in Table 4. In the calculation, the limit radius loss is considered to 
be lower in the case of water repellent coatings because the initiation of crack may weaken the 
efficiency of the protection even significantly. Therefore, the limit radius loss of 30 µm has 
been applied in the case of protective coatings. 
 
Table 4: Average yearly corrosion depths and calculated durations of the active corrosion in a structure 
treated with different coating systems. 

Coating system C0 C1 C2 C3 

Average yearly corrosion depth 
during the monitoring period 
[µm] 

7 1.5 1.4 1.7 

Duration of the active corrosion 
[a] 7 21 21 17 

 
From Table 4 it can be noticed that increase of the service life of the structures can be signifi-
cant although stricter cracking criterion (30 µm instead of 50 µm) has been applied to water re-

102



pellent coatings. From the viewpoint of lifespan of a building one or two decades are not a sig-
nificant period, but from financial point of view it is a remarkable prolongation.       

It is worthwhile to notice that also the water repellent coating with very high water vapour 
permeability (C1) proved as efficient as the more impermeable coatings even during the periods 
when the air humidity is nearly permanently very high (autumn and winter). Some signs from 
the permeability can be seen in Figure 5 where the instantaneous corrosion currents are plotted 
against the concrete temperature at the moment of measurement. In this figure, it can be seen 
that the maximum corrosion currents at cold temperatures are only a little bit higher in the case 
of vapour permeable water repellent coating C1 compared to other protective coatings having 
greater water vapour resistance. This is probably due to moisture intake in vapour phase when 
the air humidity is high. On the other hand, in high temperatures the corrosion currents are 
somewhat lower in the case of this coating (C1) than in the case of other protective coatings. 
This is probably due to fast drying through an open coating in favourable conditions.          

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Instantaneous corrosion currents plotted against the temperature of the concrete at the moment 
of measurement. The horizontal axes represent temperature in °C and vertical axes corrosion current in 
µA/cm2.   
 
The “heavy” coating system (C3) containing polymer modified dense finishing mortar did not 
show any better performance than the other protective coatings. One reason for this was the 
good quality of the concrete surfaces in the sensors enabling good quality coating films even 
without a finishing mortar. The results could have been different if the concrete surfaces would 
have been uneven like usually after sand blasting of concrete surfaces. In this case the coating 
system including the finishing mortar might have stood out from the rest of the coatings. 

From Fig. 5 it can be also seen that the corrosion rates are in all the conditions remarkably 
lower in the sensors coated with water repellent coatings than in the sensors coated with a per-
meable coating (C0). This indicated that the moisture content of concrete is far from the satura-
tion state at the moment of freezing meaning that structures will be efficiently protected by the 
coatings from frost damage as well.   

When considering the reliability of the results it is important to notice that the results depend 
strongly on the climatic conditions, especially on the amount of liquid rainfall during the moni-
toring period. Because the period is only a little longer than two years, the conditions might not 
necessarily fully represent the long-term average conditions. However, on the basis of examina-
tion of the meteorological data from the monitoring period, it can be stated that, the weather 
during the monitoring period was fairly close to the long term average in Tampere (two test 
buildings) and a little bit drier than normal in Espoo (one test building). This means that the re-
sults seem not to be significantly distorted due to abnormal weather conditions. 
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6 CONCLUSIONS 

The objective of the work was to study the efficiency of water repellent coatings to retard active 
reinforcement corrosion in carbonated concrete facades. The results are based on 25 months cor-
rosion rate monitoring of reinforcing steel in coated facades of three existing buildings. Alto-
gether three different types of water repellent coating systems were studied. An inorganic per-
meable coating was included representing a non-protective reference coating.   

On the basis of the results it can be clearly concluded that all the studied water repellent coat-
ings reduced the corrosion of steel significantly. The reduction in the corrosion rate was in aver-
age 75 – 80 %. This means that the formation of visual corrosion cracks can be postponed typi-
cally for about 10 to 20 years by applying a water repellent coating. Naturally, the prolongation 
of the service life depends on how much corrosion has been occurred before the application of a 
protective coating. Another important point is that the coating has to be kept in good shape by 
sufficient maintenance to get the full-scale protection. This is extremely important especially if 
the water vapour resistance of the coating is not very low. In this case local defects in coating 
film may cause accumulation of water behind coating, which means that an originally protective 
coating may turn to be detrimental for the structure.      

Another important finding was that also a water repellent coating with a high water vapour 
permeability performed as well as the coatings with higher water vapour resistance. The effi-
ciency of this type of coatings is an important finding because these coatings can be considered 
as most safe alternative, because they do not hinder the drying in potential defected points.     

The coating system containing a polymer modified finishing mortar did not prove any more 
efficient than the other protective coatings. This is probably due to the good quality of the con-
crete surface which enabled good quality coating films without a finishing mortar.  

From the corrosion rates at freezing temperatures it can be concluded that moisture content in 
concrete was low enough to prevent also propagation of frost damage. This is an important ob-
servation especially in Nordic climates where frost damages are common in ageing concrete fa-
cades and balconies. 
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1 INTRODUCTION 

One of the most important and actual tasks of the civil engineering community is to recover and 
preserve the existing building stock. The retrofit of historical constructions represents a big 
problem in earthquake prone areas such as the Mediterranean and Balkan countries which char-
acteristically possess a high concentration of such historical constructions and monuments. 
Many of these structures, located in seismic areas, built in the past centuries without any refer-
ence to seismic design rules, and affected by age, several modifications or seismic action, may 
be found today in an advanced state of damage, presenting high seismic risk. Finding appropri-
ate retrofitting techniques is vital for the preservation of cultural heritage of these countries, and, 
obvious, that is an important component of sustainability philosophy. 

Nerveless providing the attributes of sustainable retrofitting is not an easy task and is not yet 
clearly defined on scientific papers or European specific regulations. In the opinion of the au-
thors, aspects, like easy maintenance, material recycling and improvement of structural behavior 
by optimizing the use of new materials combined with the old ones are key features to be con-
sidered in order to get sustainable, that respect architectural, structural, technical, economical 
and environment requirements. From this point of view Reversible Mixed Technologies (RMT) 
are always recommended to apply. 

Reversible Mixed Technologies (RMT) are based on the integration of structural members of 
different materials and/or construction methods into a single construction. The basic feature of 
RMT is that their application should always be completely recoverable, if required. The main 
aim of RMT is the best exploitation of material and technology features, in order to optimize the 
structural behavior under any condition conducting to the most advantageous techniques for the 
economical point of view. This practice, initially concerned with new, technologically advanced 
buildings, is now being looked up with increasing interest in the field of structural rehabilitation, 
too, due to the greatest possibilities of structural optimization and, hence, performance maximi-
zation. Summarizing, the use of reversible mixed technologies would lead to the best exploita-

Evaluation of performance of some metal based retrofitting 
techniques applied to masonry walls 

A. Dogariu & D. Dubina 
“Politehnica” University of Timisoara, Romania 

ABSTRACT: The Performance Based Evaluation and Retrofitting Design of masonry buildings 
by use of metallic based techniques are addressed in present paper. An innovative intervention 
technique for retrofitting masonry walls using metallic sheathing is proposed and evaluate in 
terms of strength, ductility and performance criteria. A typical first half XX century building in 
Italy, Toscana has been evaluated and consolidated applying a strengthening solution based on 
metallic sheathing. On this purpose, a Performance Based seismic Evaluation procedure was 
applied using an equivalent FE model. This model, experimentally and numerically calibrated to 
simulate the behavior of masonry shear walls strengthened with metal sheathing is applied by 
ABAQUS code, in order to establish the acceptance criteria, performance levels and building 
performance. 

105



tion of each material and/or technology used in the intervention, enabling to achieve best per-
formance, both from the technical and economical point of view (PROHITECH proposal). 

Metallic based interventions respond perfect to all the RMT requirements. Main features of 
the metallic materials are high mechanical characteristics, prefabrication and wide range of 
shapes, recyclable and easy application, so a great flexibility and by using “dry” connection 
techniques can be completely removed being reversible and the materials are fully recovered. 
The impact of the reversible techniques on existing buildings is minim. 

2 DESCRIPTION OF THE RETROFITTING TECHNIQUES 

Within the research program PROHITECH, new and innovative retrofitting techniques were 
proposed, investigated and validated experimentally and numerically. The solutions use: 
 Metallic sheathing plates (SP), steel (SSP) or aluminium (ASP) (Figure 1); 
 Steel wire meshes (SWM). 

The first one consists in sheeting some steel or aluminium plates either on both sides or on 
one side of the masonry wall. Metallic plates are fixed either with prestressed steel ties, or by 
using chemical anchors. The second one is derived from the FRP technique, but it applies a steel 
wire mesh bonded with epoxy resin to the masonry wall. Both these techniques have been study 
experimentally and by numerical simulations carried out at the “Politehnica” University of Ti-
misoara on the aim to validate them (Dogariu 2007). 

 

CHEMICAL ANCHOR

METALL SHEATING

MASONRY WALL

PRESTRESSED TIE

METALL SHEATING

MASONRY WALL

 

 

 
Figure 1 Proposed solution and possible application 

 
 
The suggested system provides added strength to the masonry unit for both in-plane and out-

of-plane failure mechanisms. In the frame of the research the in plane behavior has be analyzed 
considering that the out-of-plane benefit influence is obvious. 

About reversibility of the techniques, metallic plates and steel ties can be easily removed 
from the masonry wall and replaced. Chemical anchors may be more difficult to remove. The 
most intrusive effect of the techniques is the holes in the wall. In the case of ties, local repair, 
such as grouting with mortar of holes will be needed if the system is to be removed completely. 
Wire mesh fixed with epoxy resin can be removed from the masonry wall by heating. 

Metallic plates or wire mesh can be hidden if plastering is applied preserving the esthetical 
appearance. When masonry needs to be apparent at the facade of the building, the system can be 
applied from one side only (at the interior). 

2.1 Summary of the experimental results 

In order to validate the retrofitting solutions, an experimental program was carried out at 
“Politehnica” University of Timisoara. It included: Material tests; Preliminary tests on 500 x 
500 mm specimens; Full scale tests on 1500 x 1500 mm specimens, both under monotonic and 
cyclic loading. 

The diagonal failure mode was observed for all specimens, both under monotonic and cyclic 
loading. A significant improvement in terms of ultimate displacement (that shows significant 
improvement in ductility), and also the increase in strength, with a slight increase in stiffness 
were recorded for all specimens. An overview of performance in terms of strength and ductility 
of tested specimens, related to unreinforced masonry, is presented in Figure 2.  
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Figure 2 Parametric curves for monotonic specimens (a) and comparative results on large specimens 
tested in monotonic loading refer to reference (b) (Dogariu 2009) 

3 PRACTICAL APPLICATION. STUDY CASE 

The proposed retrofitting technique shortly described in this paper was proved to be suitable for 
a Performance Based Seismic Assessment. In order to apply this concept, acceptance criteria 
and numerical simulation are needed so as to sustain and extend experimental observations. 

Although at the level of a single element the solution has shown good experimental results 
(Dogariu et al. 2007, Dubina et al. 2007), in order to validate this technique the application of 
on a real masonry building is required. Because of the very complex masonry – steel structural 
system, it is very difficult to apply simple assumptions and evaluate procedures concerning the 
retrofitting effect; thus advanced numerical models, build in agreement with all the details (e.g. 
masonry specific layout, connection behavior, etc.) must be used in order to predict the real be-
havior. A very detailed model, described in Dogariu 2008, is almost impossible to be applied for 
global analysis; even if advanced tools are used supplementary simplifications must be made. 
The idea has arisen to find an equivalent material to replicate the behavior of the retrofitted 
model. This simplification must be carefully analyzed and argued. 
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The advantage of such a model is the possibility to apply the nonlinear analysis and to char-
acterize the global behavior of the building in terms of drift ratios, which gives the possibility to 
use the FEMA 356 criteria for the validation and performance levels’ characterization. 

This chapter contains a complete performance based seismic assessment of a case study, an 
XX century masonry building. This building was selected as reference benchmark structure for 
the performance analyses of the steel intervention techniques within the framework of STEEL-
RETRO Project (RFSR-CT-2007-00050) (Nardini 2008). For PBSA, an intensity of 0.24g of 
PGA and type B soil has been considered. 

The building respects all the main features of traditional masonry buildings, ground floor plus 
two floors, symmetrical in plan and elevation, with small and well positioned openings, with an 
almost cubical shape of 15m width, length and height. The bearing wall thickness varies from 
350 mm to 650 mm and is made of stone masonry. The walls are built from stone masonry with 
the following mechanical characteristics: mean compressive strength fm = 1.5 MPa, Elastic 
Modulus Em = 1500 MPa and mean unit weight w = 21 kN/m3. 

In order to apply the metal sheathing retrofitting to the walls, there were assumed the meas-
ures necessary to provide the diaphragm effect of floors and roof, the integrity of the wall junc-
tions had already been done. 

The building façade was reinforced on the entire height of the building as shown in Figure 3, 
and all the internal transversal shear walls from the ground floor. Other possible location of 
sheathing would be at the corners of the entire ground floor. Beside structural aspects, the selec-
tion of intervention solutions must consider the costs and time, as well as the aesthetical rea-
sons. The possibility to keep using the building even partially during intervention is also very 
important. The applied techniques attempt to be minimal and to avoid affecting the internal 
walls, so as not to disturb the occupancy of the building. 

  
Figure 3 Reinforcing areas and building main façade 

3.1 Nonlinear model and specific acceptance criteria 

A proper application of PBSA needs a reliable nonlinear analysis model in order to perform ad-
vance displacement control analysis. 

The ABAQUS numerical model applied in this study was calibrated on the basis of experi-
mental tests. A homogeneous macro-model with shell elements and a Concrete Damage Plastic-
ity material model (ABAQUS 2004) has been used. 

The performance based approach considers the structure as an assembly of its individual 
components. The building performance level should be defined in relation to its element per-
formance. The evaluation of the effects of damage on building performance must concentrate on 
how component properties change as a result of the damages. The response of the components is 
controlled by force – deformation properties (e.g. elastic stiffness, yield or cracking point, duc-
tility, and ultimate deformation) (FEMA 307, FEMA 308). 

Damage affects the behavior of individual elements differently. Some exhibit ductile modes 
of post-elastic behavior, maintaining strength even with large displacement. Others are brittle 
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and loose strength abruptly after small inelastic displacement or strain. As earthquake shaking 
imposes these actions on the component, the latter tends to exhibit predominant modes of dam-
age behavior. The behavior of a panel depends on its strength in flexure relatively to the 
strength in shear. Cracks and other signs of damage must be interpreted in the context of the be-
havior mode of each specific component. 

A complete evaluation must take into account the cracks width, location, orientation, and 
their number and distribution pattern. In a simple manner cracks width is commonly used to de-
termine the damage level or performance of the wall. The performance acceptance criteria were 
established on the retrofitted wall panel model in terms of plastic strain at a certain performance 
level. A quicker assessment of the overall performance can be based on shear stress. The rein-
forced panel numerical model fails due to compressive load by crushing of the masonry. If the 
unreinforced model fails at approximately 0.15% of the plastic strain, in terms of tensile strain 
in shear diagonal strip the retrofitted models allow for reaching more than 3.5% strain before 
collapse prevention level and failure (see Figure 4a) (Dogariu 2009). 

 
 

Life safety - Collapse Prevention
range for the reinforced masonry
panel (RM)

Life safety - Collapse Prevention
range for the unreinforced 
masonry panel (URM)

average increase of
3-5 times

average increase of
30-40% timesLS

CP
LS

CP

Displacement (mm)

Fo
rc

e 
(k

N
)

5 10 15 20 25

100

200

300

400

500

 
(a)                  (b) 
Figure 4 Global behavior curves and maximum plastic strain level at failure and benefit of the reinforcing 
from the point of view of performance levels 

 
 
The global behavior curves (shown in Figure 2) come to sustain the possibility to enhance the 

deformation of the masonry wall and prove suitability to apply the performance levels presented 
in Figure 4b, thus showing the benefit of the applied reinforcing. 

Using ABAQUS code, a complete 3D model of the building has been built (Dogariu 2009). 
Some simplifications regarding the fixed base and rigid diaphragm behavior of the floors 

have been used. The horizontal load was introduced quasi-statically, performing an explicit 
analysis, as force concentrated in the mass centre of the floors respecting a triangular shape, ac-
cording to the first eigen vibration mode. 
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Figure 5 Demand spectra and capacity diagram for the unreinforced and reinforced numerical model 
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In order to establish the seismic response of the initial and the retrofitted structure, a dis-
placement based procedure was used (EN 1998). The target displacement has been determined 
at the intersection of capacity curve and the inelastic spectrum, considering a constant ductility 
of 1.5 (Figure 5). 

The damage level and the evidence of the attainment of the performance criteria at 9.77 mm 
target displacement for unreinforced model in terms of plastic strain is plotted in Figure 6. 

 

  
(a)                      (b) 
Figure 6. Areas where the plastic strain has exceeded the collapse prevention level value (a); retrofitted 
model behavior plastic strain in unreinforced elements (b) 

 
We can see that, for the un-reinforced model at the level of the ground floor, all the diagonal 

cracks were formed in between the openings and have exceeded the CP value of plastic strain 
(0.15%); consequently a soft storey collapse mechanism mode occurred. 

At the attainment of 9.77 mm target displacement the retrofitted model, similar with the unre-
inforced building, the level of the reference plastic strain is exceeded in the unreinforced walls, 
but not in the reinforced ones. There can be concluded that, although failure occurred in the ad-
jacent unreinforced walls, the reinforced walls are able to preserve the global safety of the build-
ing, by maintaining the same level of strength (see Figure 7). 
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Figure 7 Comparative global behavior of the unreinforced and retrofitted building 

 
 
The retrofitted building subjected to a seismic motion of PGA up to 0.16g behaves in the 

elastic range and fulfils the IO performance level; for PGA between 0.16-0.44g, the LS per-
formance level is attained. At a displacement larger than 30 mm, the building reaches the CP 

110



level. Using the recurrence formulas for PGA given in the Romanian Code P100-3-2003 even 
calibrated for Vrancea earthquake, a matrix may be built showing the performance objective 
possible to be achieved by a retrofitted building (see Table 1). 

 
Table 1 Performance Objective __________________________________________________________________________________________________________ 

PL/IMR      30 y    50 y    100 y    225 y    475 y    975 y 
PGA       0.072g   0.168g   0.24g    0.288g   0.36g    0.48g __________________________________________________________________________________________________________ 

IO        X 
LS            X     X     X     X 
CP                                X __________________________________________________________________________________________________________ 

 
Such a matrix can be calibrated for other type of seismic motion, too. 
However, in order to validate the equivalent material simplifications made in this case for 

global analysis, we need to extract the areas of important plastic strains concentration of the 
model and using the advanced numerical model to perform a new local analysis, respecting the 
geometry and boundary condition. 

If applies the Decisional Matrix of Dogariu & Dubina 2009b (see Table 2) to scoring the in-
tervention technique results is 8.33. Thus according to this matrix, even better intervention tech-
niques are possible, the one it was applied in present study is good enough. 

 
Table 2 Decisional matrix 
Structural aspects L M H Mark 
Capability to achieve requested performance objective (after building evaluation!)   X 
Compatibility with the actual structural system (no need of complementary strengthen-
ing or confinement measures)  X  

Adaptability to change of actions seismic typology (near field, far field, T<>Tic, etc)   X 
Adaptability to change of building typology   X 

9 

Technical aspects L M H Mark 
Reversibility of intervention  X  
Durability   X 
Operational   X 
Functionally and aesthetically compatible and complementary to the existing building  X  
Sustainability  X  
Technical capability   X 
Technical support (Codification, Recommendations, Technical rules)  X  
Availability of material/device   X 
Quality control   X 

8 

Economical aspects L M H Mark 
Costs (Material/Fabrication, Transportation, Erection, Installation, Maintenance, Pre-
paratory works)  X  8 

4 CONCLUDING REMARKS 

The present paper presents the general aspects in choosing and retrofitting techniques, also pro-
poses a “numerical experimentation” procedure for the analyses and evaluates the behavior of 
the masonry structures retrofitted by metallic plates based on of performance criteria. 

In the first step of the procedure, a stable and robust FE Model able to replicate the experi-
mental observed failure mode and global behavior was built. 

In the second step, numerical simulations were performed for wall panels unreinforced and 
reinforced masonry, considering the real mechanical characteristics; the main advantages and 
benefits of the strengthening solution and acceptance criteria for the retrofitted elements have 
been obtained. 

In the third step, equivalent materials that replicate the numerical results need to be deter-
mined. This approach allows for performing global analyses on real façades or entire buildings 
and assesses the damage at a certain seismic demand, using a non-linear evaluation method, 
based on the acceptance criteria previously established. 
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In the fourth step, i.e. the validation, the most critical areas of the building must be selected in 
order to verify the local behavior, by introducing relevant continuity conditions and using the 
calibrated model described at step one. 

The retrofitting solution has showed a good behavior, being able to preserve the initial capac-
ity simultaneously by allowing for considerable ultimate displacement of approximately 0.7% 
drift ratio, which corresponds to the collapse prevention level of the building. 

The experimental and numerical works have proved a good behavior of the retrofitted ele-
ments especially in the range of Life Safety – Collapse Prevention, damage control domain, by 
allowing an important increase of the ultimate displacement. By improving the ultimate dis-
placement, assuring a confining effect, like an external reinforcing able to carry tension some of 
the major disadvantages of the masonry are reduced. Not without importance is the fact that the 
system doesn’t change much in terms of the initial stiffness, thus eliminating an important 
shortcoming of traditional retrofitting techniques. A very detailed numerical model has allowed 
performing parametric analysis in order to assess the seismic safety of a historical building on 
the basis of a performance based approach. The numerical simulation in this study case has 
shown an important improvement of structural safety. 
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1 INTRODUCTIONS 
 
The 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 pa-
rameter 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 dy-
namic 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 cer-
tain 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 investiga-
tions 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 ma-
sonry systems exposed to static and dynamic effects (Fig. 1). With the proposed procedure, the 
bearing elements are included in nonlinear range of behaviour, but with a controlled and dic-
tated mechanism of behaviour  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 char-
acteristics of the material and the behaviour of elements under cyclic loads. The procedure is 
further analytical, in correlation with the experimental results. The procedure consists of analy-
sis of external effects, vertical and horizontal, static and dynamic, experimental tests of the 
characteristics of materials and behaviour of bearing elements under cyclic loads, proportioning 
of the constituent elements with controlled and dictated behaviour in all phases of behaviour  up 
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to failure and response of the system under real seismic - dynamic effects. Developed are com-
puter programmes for analysis and proportioning of elements of masonry systems with con-
trolled behaviour and programme for nonlinear behaviour of the systems as a whole, under ac-
tual 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 analy-
sis of masonry building structures using degrading model force-displacement, traditional con-
cept 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, insuffi-
cient bearing capacity under tension, low ductility capacity and inadequate connection of struc-
tural elements into a whole, particularly inadequate interconnection of bearing walls in both or-
thogonal 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 ce-
ment lime mortar. The bearing walls are in longitudinal, transverse or both orthogonal direc-
tions. 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 fre-
quently 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 ce-
ment 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 fre-
quently 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 ce-
ment 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 ac-
cordance 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 behaviour have a different 
influence on the behaviour 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 behaviour of the structure under an earthquake. Defi-
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nition of the characteristics of materials, particularly strength and deformability capacityies 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 mini-
mum 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 ma-
sonry. 

 
Figure 2.   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 horizon-
tal, 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 finish-
ing 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 dis-
placements, 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, op-
timization 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 build-
ing 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 ma-
sonry structures, static analysis is performed for vertical loads and equivalent seismic forces ac-
cording 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. 

116



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 sev-
eral 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 ma-
sonry with reinforced concrete vertical and horizontal belt courses and stone walls with a con-
crete coating, there is a simple, but sufficiently exact way of determining the strength and stiff-
ness capacities in the linear range of behaviour. The deformations in the same range are defined 
by the linear strength - stiffness relationship. This way of defining the ultimate states is not suf-
ficiently exact for the reinforced-concrete elements as are columns and walls due to the impos-
sibility of controlling the failure mechanism, particularly from the aspect of definining the de-
formation 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 behaviour of the structure under an earthquake. Considering the complicated behaviour of 
reinforced-concrete elements, a more precise way of determining their ultimate strength and de-
formability value is given,  with control of the mechanism of behaviour 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 strenght, stiffness and deformability capacities in both the orthogonal di-
rections of the structure(Fig. 3). 

 

Representative bilinear storey diagram

Cumulative storey
diagram - RC elements

Cumulative storey diagram -
Masonry wall elements

Individual RC elements

Individual masonry wall elements

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

 
Figure 3.  Force - displacement diagram for masonry and R/C elements. 

 
The most important for the behaviour of the structures is their response under static and dy-

namic loads. Masonry structural systems, as well as other systems, exposed to dynamic - seis-
mic effects of moderate and high intensity, suffer nonlinear deformations of the constitutent 
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 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 con-
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siderations are important for selection of possible and necessary measures for repair and 
strengthening of the structural system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. 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 fre-
quency content. If the strength and the deformability capacity is less than the required, it is con-
cluded that the building structure does not have sufficient strength and deformability and there-
fore it needs repair and strengthening. 

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 ob-
tained from several aspects. Out of these, selected is the most adequate solution from the eco-
nomic 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 favourable from the aspect of: stability, i.e., fulfillment of the design criteria accord-
ing to regulations, possibility for realization of the solution, available materials, economic justi-
fication, fulfillment of social requirements and satisfying of aesthetic requirements. 

 
6 REPAIR AND STRENGTHENING 

6.1 Repair and strengthening of stone masonry structures 

Depending on the category of damage, repair and strengthening of stone walls is mainly done 
by connection of the bearing elements – the walls and the floor (ceiling) structure into an inte-
gral system which is resistant to seismic effects.  

Repair and strengthening of stone structures consists of: connection of longitudinal and trans-
verse bearing walls by reinforced concrete horizontal belt courses, replacement of the timber 
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floor structures by reinforced concrete slabs, rebuilding of individual walls, partial injection of 
the bearing walls, particularly the cracks besides the belt courses and return of the dislocated 
walls into their original position. Special attention is to be paid to the need of inserting of new 
walls in structures, which do not have transverse stiffening walls. The criterion to be fulfilled is 
that a stiffening wall is needed at a distance of 6 – 7m. The effects from injection of the stone 
walls should also be taken into account.  

In the case of structures with good distribution of walls, structural stability can be achieved 
via strengthening of the walls by injection of a cement-based mixture into the cavities and the 
cracks. In this way, a considerable higher strength of the walls is achieved.  

6.2 Repair and strengthening of adobe masonry structures  

Depending on the category of damage, repair and strengthening of masonry structures con-
structed of sun-baked bricks – adobe is mainly done by connection of the bearing elements – the 
walls and the floor (ceiling) structure into an integral system resistant to seismic effects.  

Repair and strengthening of masonry structures constructed of sun-baked bricks consists of 
the following: connection of the transverse and longitudinal bearing walls by reinforced-
concrete jackets, replacement of the timber floor structures by reinforced-concrete slabs, re-
building of individual walls and return of the dislocated walls into their original position. Par-
ticular attention is to be paid to the need of insertion of new walls in structures lacking trans-
verse stiffening walls. The criterion to be fulfilled is that a stiffening wall is needed at a distance 
of 6 – 7 m.  

6.3 Repair and strengthening of brick, concrete blocks and mixed masonry structures  

Masonry structures constructed of bricks, concrete blocks and mixed systems are mainly struc-
tures of a more recent date possessing certain bearing elements to sustain seismic effects so that 
their level of damage is lower than that in other structures. Most of these already have rein-
forced concrete belt courses, only horizontal, only vertical or horizontal and vertical and have 
reinforced concrete floor structures.  

Repair and strengthening of these structures is done by insertion of vertical belt courses in 
case these do not exist, injection of cracks, rebuilding of individual partition walls by use of 
solid bricks in cement lime mortar and strengthening of the foundation.  

Masonry structures without vertical reinforced concrete belt courses should be strengthened 
by insertion of vertical columns at the ends and the intersection points of the bearing walls. In 
the case of systems with no sufficient stiffening transverse walls, these walls are to be inserted 
or the partition walls are to be rebuilt by solid bricks in cement lime mortar with a thickness of 
25 cm framed by reinforced concrete horizontal and vertical belt courses.  
 
7 DETAILING AND DESCRIPTION OF SPECIFIC WORKS  

7.1 Injection of walls constructed of stone or brick in lime mortar  

Strengthening of walls is done by systematic injection of parts or the entire surface of the dam-
aged or destabilized wall. Particular attention is to be paid to injection of the connections of the 
walls with the horizontal belt courses (a horizontal belt of about 60 cm immediately close to the 
belt course) and the parts of the walls between the foundation and the parapet. The repair works 
by injection involve the following:  
a. Lengthwise the crack, the crushed concrete is eliminated within a width of at least 10 cm, 

while places where the wall is to be completely injected require removal of the entire mor-
tar.Using quick-setting mortar, small injection tubes of φ ¾ inches, with a length of 16 cm 
and an external thread are inserted into the cracks. The distance between the tubes is 30 – 60 
cm, depending on the crack width. The porous surface between the tubes is to be filled with 
cement mortar. While injecting the inner side of walls with larger surfaces, the injection tubes 
are to be distributed in the form of a net with a half distance between them. The distance be-
tween the boreholes as per the individual lines is 50 to 80 cm.In this case also, filling of the 
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porous places on the wall (first of all, the places near the joints) with fine cement mortar with 
a minimal thickness of 5 mm is necessary to be done prior to injection.  
b. Prior to the beginning of the injection process, the cracks and the joints are moisturized and 

rinsed out by using clean water.A bonding mixture of the following composition is used for in-
jection:  

• cement 90%  
• fine grained tufa 10%  
• water - to such an amount that the volume ratio between water and dry component is 1.0 in 

the beginning of the injection process after which the mixture density is increased to the ratio of 
0.8.  

c. Injection of the mixture is usually done under pressure of 3 atmospheres, while in the final 
phase when saturation takes place in the injection tubes, the pressure is increased to 4 atmos-
pheres. The latter pressure is kept for 5 minutes until the water from the injection mixture is 
drained. The injection starts from the lowest place on the wall and continues upwards. This or-
der of the works enables pressing out of the air and better water drainage. The adjacent tubes on 
which the mixture appears are temporarily closed. The tubes are removed approximately 4 hours 
after the termination of the injection process. With the described mode of injection, the con-
sumption of dry matter for bonding of M2 wall in the case of more porous walls amounts to 130 
– 150 kg, while in the case of less porous walls, it amounts to 80kg. The exact quantity of injec-
tion mixture is defined by trial injection for a specific type of masonry.  

7.2 Repair and strengthening of existing stone walls  

The repair and strengthening is done by systematic injection of the walls as follows:  
a. Tubes are uniformly distributed over the wall surface at a distance of 50 – 100 cm. The tubes 

are consolidated, while the cracks are filled with quick-setting mortar.  
b. To prevent leakage of the injection mixture, jointing or plastering of the wall with quick-

setting mortar is done. Sometimes, on the external, the facade side, it is also possible to use 
clay mortar which is eliminated by use of water after the injection. In this way, the original 
appearance of the facade walls is preserved.  

c. The injection mixture contains 90% Portland cement and 10% opal breccias. The added quan-
tity of water in respect to the dry matter ranges from 1.0:1.0 to 0.8:1.0. However, it does not 
exclude the use of some other ratio.  
According to the existing practice, the injection is carried out as follows: First, the tubes are 

rinsed with water and then the mixture is injected into the wall under pressure of 3 to 5 bars. 
When the injection mixture stops running through the tubes, a somewhat higher pressure are 
kept for 5 to 10 minutes until the mixture in the wall itself is condensed and the water surplus is 
squeezed out. The consumption per m3 is expected to amount to 130 – 150 kg dry matter for in-
jection.  

7.3 Strengthening of walls by reinforced concrete jackets  

In the case when the computation proves that the existing walls are not sufficient enough to sus-
tain seismic effect, these are additionally strengthened by construction of reinforced concrete 
facings (claddings) on the external side of the wall. Reinforced concrete facings are carried out, 
where necessary on the walls, along one or a number of stories of the structure with a thickness 
of 6 – 10 cm. The facing runs down to the foundation level, i.e., it is also carried out on both the 
walls and the foundation below the terrain level.  

The facing (cladding) is realized as follows:  
a. The mortar is removed and part of the wall on the external side and the joints are cleaned 

well.  
b. Openings are made into the existing wall by extracting the existing material, at distance of 1.5 

to 2.0 m (schematically) for the purpose of achieving better bonding with the existing wall.  
c. Upon the surface of the cleaned wall, wire-mesh reinforcement of φ 6 mm is placed at dis-

tance of 15/15 cm. This reinforcement is connected with the belt courses at the height of the 
new reinforced concrete floor structures. At the ends of the walls, an additional reinforcement 
is also placed. This additional reinforcement is defined by computation should the ultimate 
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stress due to moment effect is considered referent. If the computation proves that such a rein-
forcement is not necessary, structural reinforcement of 6φ14 (vertical reinforcement) is 
placed at the ends of the wall. This reinforcement runs down to the foundation where it is an-
chored. To connect the facing to the existing wall, connecting re-bars 2 x 2 φ 14 are placed in 
the holes.  

d. The facing of the existing walls is usually carried out in parts in order to achieve as better as 
possible bondage between the wall and the facing.  

e. To construct the concrete facing, gunite concrete is applied under pressure. The ready con-
crete is placed in a special vessel and is pneumatically cast in layers upon the wall surface. 
The tube diameter of 60 mm allows the use of an aggregate of a greater diameter.  

 
Table 1. Grain-size distribution of the aggregate  

Grain diameter Variant I  Variant II  
0 – 2 mm  
2 – 4 mm  
7 – 8 mm  

8 – 12 mm  

25%  
10%  
15%  
50%  

35%  
15%  
20%  
30%  

 
f. Portland cement of 500 kg/m3 is added. The water-cement factor is w/c = 0.4 (lower limit) 

which increases the efficiency of the procedure.  
g. For fast and efficient performance of the works, 2-6% additive-“Ingunit G” and 1% additive- 

“Komplesing” of the cement weight is usually added. This enables better flowing of the con-
crete through the tubes, increased adhesion properties of the wall base, increased compact-
ness of the concrete mixture and better flattening of concrete in the premises.  

h. Guniting of concrete is done in layers with thickness of 3 cm and at time intervals, in order to 
avoid sliding of the fresh concrete. The effective pressure in the vessel ranges from 2 – 3 at-
mospheres. Guniting of concrete is usually done at a distance of 60 – 100 cm, with circular 
motions leading to uniform concreting of layers.  

7.4 Construction of new bearing walls of stone masonry structures  

In the case when existing walls are partially or completely ruined or when existing walls have 
suffered severe damage with visible deformations or when new stone walls are necessary to be 
constructed in the structure out of any reason, the new walls are constructed as follows:  

On the external facade side, a wall (in the necessary form) is built of stone in cement mortar, 
while on the inner side, part of the wall is concreted by concrete class MB 20 – MB 25 using a 
formwork. The thickness of such a constructed wall cannot be less than 40 cm, Figure 2.  

If necessary, the concrete part of the wall can be reinforced. In the case of new walls in which 
the concrete part is also strengthened by a reinforcement, the thickness is increased for the con-
crete part while defining the area of the cross-section of the wall F and its stiffness K, i.e.,  

F = d(t + 4δ)  
(t + δ) is greater or equal to 40 cm.  

In the case of structures under protection, the same facade needs to be preserved.  

7.5 Replacement of timber floor structures by RC ones  

The replacement of timber floor structures by reinforced concrete ones creates favorable condi-
tions for realization of a seismically resistant structure with a rigid and monolith floor structure. 

Considering that most of the structures have a regular geometrical shape at plan, the new 
floor structures should mainly be designed and constructed as monolith reinforced concrete flat 
slabs that are well connected to the existing wall systems. This does not exclude the use of other 
types of floor structures in certain cases, provided that each floor structure is sufficiently rigid in 
its plane and well connected to the existing walls.  

Connection of the floor structure to the existing walls is done as follows:  
a. Grooving of the walls (along the entire perimeter, if possible) is done at the height of the floor 

structure. At distance of 1.5 – 2.0 m, certain parts of the wall are removed to enable better 
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connection between the wall and the floor structure during the reinforcement and the concret-
ing of the floor structure.  

b. Depending on the conditions of the wall prior to repair and strengthening, injection and 
strengthening of the walls below the level of the new floor structure is carried out and then 
the new floor structure is constructed.  
It should be pointed out that concreting of the floor structure is possible, particularly at places 

of anchorage with the walls, by using gunite concrete of the same composition and additives as 
that used for facing of the walls. In this case, better and safer adhesion of the concrete at places 
of resting on walls is achieved and what is also very important, the formwork and the system of 
support of the formwork of the floor structure is much simpler.  

The structural solution of repair and strengthening of structures should also be consistently 
carried out below the terrain level, i.e., in the foundation of the structure.If the control of 
stresses in soil and the safety factor prove that the necessary safety criteria are not satisfied, the 
existing foundation is strengthened.  

Strengthening of the foundation is usually done by increasing its contact surface with soil by 
tamping the existing foundation with tamped concrete MB 20. The tamping itself is done at the 
ends of the existing foundation (in order to increase the moment of resistance) below the level 
of the existing foundation.  

If the existing foundation extends to a sufficient depth, it is possible to widen the foundation 
by extension of the existing walls below the terrain level.  

In the case of strengthening of the walls by means of reinforced concrete facing, widening of 
the foundation is done in addition to its strengthening. The reinforced concrete facing is carried 
out to run down to the lower level of the wall foundation where extension and connection with 
the existing foundation is done along its whole length.  

7.6 Repair and strengthening of timber truss floor structures  

One of the possible and quite efficient modes of strengthening of timber floor structures particu-
larly in the case of structures constructed of sun-baked bricks with timber framing is the use of 
timber trusses at the level immediately close to the floor structures. 

For that purpose, a timber beam is placed on the external side and is connected to the timber 
truss on the inner side. The proportions of the timber beam, the connecting means and the truss 
are obtained based on detailed computation of seismic effects upon a specified structure.  

7.7 Seismic isolation: a new approach to earthquake protection of historic monuments  

Seismic isolation, as a new approach to earthquake-resistant design, has been applied 
mostly to new buildings, but there are a small number of examples of its application to al-
ready existing buildings. Seismic base isolation would appear to be an attractive alternate to 
the widely adopted seismic strengthening techniques that emphasize the use of reinforcing 
steel because they are quite intrusive, may require the partial disassembly of building ele-
ments, can destroy valuable and irreplaceable interior finishes, and can also alter the exter-
nal appearance of a building. With base isolation seismic loads can be reduced to the same 
order of magnitude as the existing strength of the historic buildings and this in turn will de-
crease and may eliminate altogether the need for intervention above the level of isolation. In 
this manner, the interior and exterior fabric can be left undisturbed.  

In addition to modern technological methods of base isolation, consideration was given to 
using base-isolation composed of natural materials such as gravel or sand. Based on the re-
sults of the analysis using corresponding models of dynamic, response of structure, it was 
concluded that an isolation system using natural material offered limited possibilities due to 
the introduction of friction. On the contrary, the application of modern techniques offered 
the possibility for controlled behaviour of the structures without friction and depending only 
on the characteristics of the particular church and of the specific equipment. From the avail-
able isolation technologies, one is a system with neoprene bearings. 
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7.8 Repair and strngthening of historic monuments using "ties and injection"  

In the case of Byzantine churches, where the preservation of historic fabric is a main goal, 
numerous seismic strengthening techniques would not be appropriate. In Macedonian 
churches, the fresco paintings applied directly to the walls become paramount, and the pro-
tection of this historical artwork takes precedence over brick, mortar, or surrounding cul-
tural layer. There are some modern techniques that, though irreversible, may be appropriate. 
However, ther is no database of modern techniques that have been proven useful for Mace-
donian Byzantine churches.  

The proposed and verified concept of strengthening that thoroughly complies with the 
main principles for conservation and protection of historic monuments consists of incorpo-
ration of horizontal and vertical steel ties and filling the area around them with a corre-
sponding material for the purpose of increasing the bearing capacity and the deformability 
of the existing structure. In Byzantine churches, the original wood banding within the walls 
has in many instances rotted away, and the remining cavity can be utilized for the insertion 
of steel ties and the injection of grout. An advantage of this technique is that it can be hid-
den from view after it has been installed. The strengthening method anticipates:  
(i) incorporation of horizontal steel ties at places of the formerly existing timber ones, at 

two levels in the bearing walls, at the base of the tambour and at the base of the dome.  
(ii) injection of the larger cracks after a corresponding surface treatment and cleaning.  
(iii) incorporation of vertical prestressed steel ties at the ends of the walls, around the open-

ings and through the tambour columns for the purpose of increasing the bending resis-
tance and the capability of ductile behavior. 
 

8 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. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Bozinovski’s hysteretic model  
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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 fre-
quency 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, 
whereas the plastic excursions show how many times the structure enters into the nonlinear 
range of behaviour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Structural system response. P - δ diagram 
 
 
9 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 
behaviour of masonry structures exposed to gravity and seismic effects. 
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1 INTRODUCTION 

Many cities constitute of historical districts or scattered heritage buildings that occupy consider-
able proportion of the cities’ building stock. Under these circumstances, their conservation and 
reuse in their prevailing or newly adopted functions appear as an important act in construction, 
economic and cultural activities, which are also interests of sustainability studies. Historical 
heritage buildings’ structural, constructional and architectural properties are results of long term 
experience and therefore, they perfectly answer the comfort conditions (natural ventilation, 
lighting, heating and cooling) of the space and the needs of their assigned functions at when 
they were constructed. For this reason they are described as low-energy consumption buildings 
that make them environmentally sustainable in addition to their input in cultural and social sus-
tainability (Erder 1999).  
Coherently, restoration of historical buildings becomes an issue of environmental and economi-
cal sustainability more over its role in sustaining constructional and architectural heritage. Yet, 
the environmental and economical sustainability discussions of restoration acts mostly depend 
on structural restorations which vary from simple repair to reconstruction that are made with the 

A sustainability approach in structural restoration: 
Application of LCA analysis in a steel-based intervention project 
 
Zygomalas I., Cöcen Ö. N. & Efthymiou E. 
Institute of Metal Structures, Aristotle University of Thessaloniki, GR-54124, Thessaloniki, Greece 

ABSTRACT: The preservation of historical buildings has become an important issue for coun-
tries worldwide that aim at reviving the architectural heritage and protecting the cultural treas-
ure, while also ensuring the safety of the buildings’ users or visitors. In response to this increas-
ingly growing field, the construction industry has introduced a number of methodologies for the 
restoration and rehabilitation of buildings with great historical and cultural value, based on re-
search regarding structural repair and strengthening. While it can easily be argued that these 
methods have succeeded in providing safety and compliance with the corresponding construc-
tion legislation, the same does not apply for their environmental impact. The current paper ex-
amines one of the most commonly used steel-based restoration methodologies as applied to case 
study of a building in Greece, in view of sustainability. The building was restored by means of a 
steel framed structure, whereas in the restoration project, sustainability was not taken into ac-
count. The herein presented research activity emphasizes at the integration of sustainable design 
in restoration and Life Cycle Assessment (LCA) is used in order to model the life cycle of the 
interventions, taking into account the materials used, the necessary construction processes, 
maintenance and also disposal/recycling scenarios. The results of the LCA studies are used in 
order to identify the key areas responsible for the primary environmental loads associated with 
the different types of restoration methodologies. In this framework, all parameters of the analy-
sis of the structure are investigated and useful conclusions towards an integrated approach 
which combines structural integrity and sustainable performance have been reached. 
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aim of improving the performance and environmental quality of the historical building. Accord-
ingly, economic sustainability depends on investment and use costs. Instead of minimizing in-
vestment cost through crossing low cost of building processes and products, it is preferable for a 
given investment to find solutions that have the highest durability and reusability (Kua & Lee 
2002). Environmental sustainability, as the main concern of this paper, is the resource and eco-
system protection which can be quantitatively analyzed with respect to the energy and mass 
flows in time and space within a life cycle assessment (Kua & Lee 2002). 

2 SUSTAINABILITY ASPECTS IN THE FIELD OF REHABILITATION 

It is beyond doubt the fact that today many old existing buildings and especially many heritage 
buildings are experiencing a constantly increasing degradation. The natural ageing and the ac-
companying atmospheric effects through the years, the influence of actions like earthquake, 
wind, and fatigue are some of the factors that caused the structural disintegration of these build-
ings (Mazzolani & Mandara 2002). In countries like Greece, where there is a large amount of 
historical monuments and structures characterized by an architectural value, structural interven-
tions are necessary in order to revitalize the architectural legacy and to prevent them from total 
decay. As a process, structural restoration is a highly sophisticated procedure that requires deep 
knowledge, special scientific skills and operative treatment (Mazzolani & Ivanyi 2002). It 
cannot be approached as a single fact but as an interdisciplinary act where the structural 
demands are managed in coordination with the architectural design and decisions and practices 
must be implemented on the basis of a mixed scientific and historic research (Edwards 2007). 
As the practical experience in investigating, historical buildings is growing and at the same time 
the research in the field of rehabilitation engineering is progressed, new aspects in restoration 
activites arise world-wide. Along structural stability and strength, new issues such as the incor-
poration of methods of life-time engineering in rehabilitation field is introduced (Efthymiou et 
al. 2008). As the role of environmental parameters in the construction field is becoming more 
and more significant, sustainability aspects are incorporated in the design and construction of 
rehabilitation works. Minimizing building costs, materials and waste, minimizing energy use 
and improving the energy efficiency of the structure are becoming nowadays some additional 
goals of the restoration process. The sustainable design in restoration works includes new meth-
ods of protection of cultural heritage, innovative technologies that contribute to the reduction of 
environmental impacts and advanced materials that improve the overall performance of con-
structions and at the same time can be friendlier to the historical value of the architectural heri-
tage. 
In this framework, structural interventions based on steel provide significant solutions in terms 
of strength and satisfy life-time engineering requirements. Its ability to combine both excellent 
structural and sustainable performance, i.e. its long lifetime, reuse and recyclability along the 
reversible characteristics, makes steel very competitive material in restoration works. The pre-
sent paper is a follow-up paper of a previous research activity, where the relationship between 
intervention techniques in historical buildings and sustainability aspects with emphasis on the 
use of steel and aluminium was enlightened (Cöcen & Efthymiou 2008). The herein presented 
activity focuses on the life cycle performance of steel based interventions in a restoration project 
by applying an LCA study and analyzing all sustainability parameters. Since initially, sustain-
able concern was not intended in the restoration project, the paper contributes to describe the in-
put of each intervention in terms of sustainability. 

3 ON THE RESTORED BUILDING  

The restored building is a masonry building located in Athonos Market in Thessaloniki, in an 
area characterized by state administration as “historical market”. It was constructed in 1924 and 
has undergone an earthquake in 1978. Before the restoration, the building consisted of a ground 
floor and after the steel framed interventions, the structure o resulted as a three storey new struc-
ture, see Figure 1. Regarding the steel structure it was analyzed according to the relevant codes 
(CEN 2002). The floors are composite and the cross sections for the columns are HEA 300 & 
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HEA 260, for the main beams IPE 450, IPE 400, IPE 360, IPE 300, IPE 270, IPE 220, for the 
secondary beams IPE 220 and IPE 220, while for the bracings SHS 90x4. the material is Fe360 
and for the concrete C16.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. Steel intervention in restoration project 

4 LCA STUDY OF THE RESTORATION WORK 

In order to investigate the environmental burden associated with the most commonly used resto-
ration methodologies and techniques, a Life Cycle Assessment (LCA) study is carried out for 
the complete restoration of an existing building in Greece. The study is conducted with specially 
designed computer software (SimaPro) and is based on data drawn from existing databases, with 
a few modifications necessary for the modeling of the specific circumstances and conditions of 
the project. Life Cycle Assessment studies are widely used for the quantification of environ-
mental burdens resulting from any type of human activity, including construction works. They 
are based on the modeling of the complete life cycle of the “system” to be studied, from the ac-
quisition of the necessary raw materials from natural resources, to the disposal or recycling 
processes at the end of the life cycle ((PRé Consultants 2008). 

4.1 Goal, scope and system definition 
The first stage of the LCA study is to define the theoretical background, namely the goal of the 
study, its scope and its subject (or system). The goal of the current LCA study is to identify the 
key areas responsible for the primary environmental loads associated with the restoration meth-
odologies, as they were applied to the building mentioned earlier. The system to be studied is 
the existing building and the functional unit used is the sum of construction works carried out 
for its restoration. In regard to the scope of the study, only few system boundaries were set, 
namely the exclusion of works related to the demolition of building elements, prior to the be-
ginning of the actual restoration work (Morris & Therivel  1998). 

4.2 Life Cycle Inventory (LCI) and Impact Assessment (LCIA) 
The second stage of the study is to draw a list of all necessary materials and processes for the 
completion or delivery of the functional unit – the building’s restoration. Then, each entry must 
be associated with the respective environmental load, based on its environmental effects, from 
natural resources and energy consumption to emissions to air, water and soil. For the restoration 
of the chosen building, the list of necessary materials and processes is shown in Table 1. 
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Table 1. Materials and processes for the restoration of the existing building. 
Components Products / processes Quantity 
Steel members IPE, HEA and SHS type (Fe360) steel members 9,89 t 
Bolts Bolts for the connection of the steel members ca 456 bolts 

Concrete C16 type concrete for the composite slabs and 
foundation of the building 30,6 m³ 

Reinforcing bars 10, 12 and 16 mm diameter reinforcing steel bars 858,2 kg 

Plaster covering Plaster covering for sealing and the creation of level 
surfaces 646,5 m² 

Floor tiles Ceramic tiles were laid on all of the building floors 96 m² 
Windows Two wood windows were added to the upper floor 4 m² (area covered) 

Plastic paint was used for the walls  55,5 kg Paint Water-based paint was used for the ceilings 11,4 kg  
 
In addition to these materials, the necessary transport processes were taken into account, for 

the transport of the materials to the site. As far as the maintenance works required for the re-
stored building, it was estimated that its walls and ceilings will be re-painted at least once for 
the duration of its life cycle. For the association of the materials and processes with the respec-
tive environmental loads, data contained in existing LCI databases was used. Primarily, the 
Ecoinvent database was used, as it contains data mostly from the geographical region of Europe 
(PRé Consultants 2008). 

For the end of the restored building’s life cycle, it was assumed that 60% of all steel struc-
tural members are sent to a recycling plant for the production of steel, as it will not be possible 
to isolate all steel members, especially those in the composite slabs. It is also assumed that all 
other construction waste is sent to landfills. 

In order to assess the impact of individual processes within the life cycle of the restoration 
work, the assembly stage was also studied separately without including the waste scenarios. For 
the LCA study, the Eco-Indicator method was chosen for the impact assessment, a choice based 
on criteria such as weighting, geographic coverage and time period. 

4.3 Results and interpretation 
The results of the LCA study of the restoration work are presented through a series of diagrams 
and charts and their interpretation is carried out with respect to the goal and scope of the study. 
The first group of results is included in the Life Cycle Inventory (LCI) and contains all required 
resource quantities and relevant substance emissions to the environment (emissions to water, air 
and soil, such as CO2, CH4, SO2 etc.). Table 2 contains some of the most important substances 
which are emitted to the air and water as a result of the restoration project’s life cycle. In some 
cases the recycling of steel decreases the amount of substances emitted. The amount of carbon 
dioxide, for instance, emitted to the air is decreased by 25,6% (4210,8 kg), while carbon monox-
ide emissions to air are decreased by almost 40% (140,2 kg). 

 
Table 2. Emissions to air and water from LCI results. 

Substance Emission 
to Unit Total 

Delivery of 
restored 
building 

Waste sce-
nario (60% 

steel recycled) 
Sulfur dioxide (SO2) Air kg 62,3 84,6 -22,3 
Nitrogen dioxide (NO2) Air kg 17,5 22,3 -4,8 
Nitrogen oxides (NOx) Air kg 73,7 88,1 -14,4 
Particulates, < 10 um Air kg 0,5 0,5 x 
Particulates, < 2.5 um Air kg 30,1 29,7 0,4 
Carbon dioxide Air kg 12229,0 16439,9 -4210,8 
Carbon monoxide (CO) Air kg 216,1 356,4 -140,2 
Ozone (O3) Air kg 0,0 0,0 0,0 
Benzene (C6H6) Air kg 0,1 0,1 0,0 
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Lead (Pb) Air kg 0,1 0,1 0,0 
Benzo(a)pyrene Air kg 0,0 0,0 0,0 
Methane (CH4) Air kg 6,9 7,7 -0,7 
BOD5, Biological Oxygen 
Demand Water kg 20,9 18,7 2,2 
Ammonium, ion (NH4) Water kg 0,0 0,0 0,0 
Phosphorus (P) Water kg 0,0 0,0 0,0 
Nitrate (NO3) Water kg 3,5 3,5 0,0 
 
 
The second category of results is derived from the impact assessment stage of the LCA study. 
Figure 2 shows the network flows of the environmental loads for the whole life cycle of the res-
toration work. 

 
Figure 2. Network flows of environmental impacts for the whole life cycle of the steel based intervention 

 
Each box represents a process necessary for the delivery of the project, as part of the complete 
life cycle. The boxes are connected with arrows that indicate the flow of environmental burdens 
from the bottom boxes which represent the initial ‘components’ to the top box which represents 
the whole life cycle of the project. The thickness of the connecting lines is used to mark the 
most environmentally harmful processes, which in this case appears to be the quantity of con-
crete used for the slabs and foundation of the building. The C16 type concrete used is responsi-
ble for the 53,8% of the total environmental impact of the project. 

All processes with a harmful environmental effect are calculated as positive, whereas proc-
esses which actually have a positive effect on the environment are calculated as negative in the 
network diagram. Therefore, it is obvious that the recycling of the steel elements has a positive 
effect on the environment as it results in newly manufactured steel, without the need for addi-
tional raw material extraction. In this case the recycled steel reduces the environmental load of 
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the whole project by almost 8%, quite an important figure considering that all other waste is 
buried in landfills with no positive effect for the environment at all. 

The next most influential processes are the structural steel members and the ceramic floor 
tiles with 30% and 13,2% of the total environmental load respectively. It is also important to 
identify the environmental impact categories that are mainly affected by the life cycle of the res-
toration project. Figure 3 contains a chart which presents the single score results for the delivery 
of the restoration work and the disposal scenario, according to the main environmental impact 
categories. 

 

 
Figure 3. Single score results for the life cycle of the restoration project. (1kPt relates to the average an-
nual environmental impact of a European inhabitant). 

 
The category ‘respiratory inorganics’ which refers to the negative impact of inorganic sub-
stances to the human respiratory system is primarily affected, which means that the processes 
and materials necessary for the restoration of the building mainly affect human health. The sec-
ond most negatively affected impact category is ‘fossil fuels’, which refers to the increase in the 
amount of energy required to extract the raw material, due to the degrading of their quality (high 
quality raw material is extracted first, leaving lower quality material for future use). In more 
general terms, the ‘fossil fuels’ category is associated with the environmental impact on re-
sources. The rest of the impact categories are also affected, yet to a much lower degree. 

In order to determine which parts of the restoration project are responsible for the negative ef-
fects on human health, resources and all the rest of the impact categories, it is necessary to con-
duct an additional impact assessment study which focuses on the delivery of the project and not 
its complete life cycle. This study does not contain waste scenarios and offers a clear picture of 
the environmental impacts associated with the processes and materials required. Figure 4 con-
tains the single score results for the individual processes that comprise the construction (assem-
bly) of the restored building. 
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Figure 4. Single score results for the construction (assembly) of the restoration project. (1kPt relates to the 
average annual environmental impact of a European inhabitant). 

 
 
The chart clearly shows the environmental impact of each individual construction step (proc-

ess) according to the impact categories. The main effect of the most environmentally damaging 
process -‘Concrete C16’ that refers to the construction of the foundation and the concrete used 
in the composite slabs- is on human health (‘respiratory inorganics’ impact indicator). Fossil fu-
els and land use are affected to a much lower degree. The second most damaging process refers 
to the structural steel members, which mainly burdens resources (‘fossil fuels’ impact category) 
and human health (‘respiratory inorganics’). The construction process which refers to the ce-
ramic tiles flooring is the third most environmentally damaging with a noticeable effect on hu-
man health (‘respiratory inorganics’). The rest of the construction processes, such as wall and 
ceiling paint have relatively negligible environmental effects. 

5 CONCLUSIONS 

Regardless of the environmental loads associated with the construction works required for the 
restoration of the building, the waste scenario at the end of its operational life can greatly affect 
the total environmental impact. Recycling of construction waste becomes a critical issue, which 
can ensure a number of environmental benefits. In order to implement this principle in restora-
tion projects, it is necessary to integrate it into the design stage of the project and chose materi-
als and systems which have a high potential for recycling at the end of the project’s life cycle.  
Steel is a material which can be recycled almost completely, a property that should make it 
preferable to other materials and technologies in terms of environmental impact. Construction 
waste that is to be buried in landfills offers absolutely no environmental benefits and should be 
avoided as much as possible.  
It is also important to be able to separate the steel members and components from other materi-
als at the demolition stage. To enable this separation to a satisfactory level, the project designer 
must take it into account and design for easily separated components. The composite slabs, for 
example, which were constructed for the restoration project studied, present an issue at this area. 
It is very difficult to separate the steel members from the inside of the slabs and as a result a 
good quantity of recyclable steel is discarded along with the rest of the construction waste. An 
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alternate technology for this part of the project could offer additional steel recycling potential 
and increased environmental benefits. 

Although the restoration project which was analyzed was steel-based, the concrete used for 
the slabs and foundation was found to have the most negative impact –mainly on human health- 
among all the required materials and processes. Its high weight-to-volume ratio makes it quite 
“expensive” in environmental terms. With recycling not a viable option, the use of concrete in-
creases the environmental impact of the whole project, with no way to make up for the damage 
caused. It is therefore necessary to try to reduce the amount of concrete necessary or use prefab-
ricated components that can be reused at the end of the life cycle. Ceramic tiles were also found 
to have a noticeable environmental impact, compared to the rest of the materials used. Of 
course, it is not possible to dismiss all types of ceramic tiles, yet a future study on the impact of 
different floor covering options could perhaps suggest the most environmentally friendly mate-
rials. 

Finally, the aim of this research activity was to point out the need for an integrated approach 
in restoration of historical buildings, which combines structural integrity and sustainable per-
formance. In addition, the role of the two most popular metals, i.e. steel and aluminium in the 
field of rehabilitation engineering is highlighted, where their mechanical properties and physical 
features along with their characteristic of reversibility can provide significant solutions and sat-
isfy life-time engineering requirements. 
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1 INTRODUCTION 

The project started in 1964 as a joint-venture of the Romanian/Yugoslavian governments for the 
construction of a major dam on the Danube, which would serve both countries. At completion in 
1972, it was one of the largest hydro plants in the world with 12 units generating 2,052 MW of 
electricity divided equally between the two countries. 

The structure is 28.7 m span of total 213.4 m length of divided into 4 sections. First section 
(26 m) is the mounting block and the next three sections the engine room; this section, of 180 m 
length, is the subject of present study (see Figure 1). 

 

  
Figure 1. Assembly view of the dam and engine room (www.wikipedia.org) 

 

Evaluation matters and upgrade Iron Gate I of the Danube 
Hydropower Station 

D. Dubina, D. Grecea & A. Dogariu 
”Politehnica” University of Timisoara 

ABSTRACT: The “Iron Gates I” Hydropower Plant from the Danube was build 1968 - 1969 
and is the most important one from Romania. The study evaluates the behavior of the steel 
structure that covers the hydroelectric power station and assures the functionality of two heavy 
bridge cranes with 400 t capacity each. The structure has 28.7m span, 31.80m height and 180m 
length. The present paper summarizes the technical evolution and safety assessment of the struc-
ture of Machines Hall according to the ageing effects and the change of loading and design 
codes requirements. For this purpose, advanced numerical verifications, using ABAQUS code 
were performed in order to check the strength, local and global stability of the main structural 
members (i.e. columns, runway beams, and reticular 3D truss roof). Nominal and 2mm reduc-
tion in thickness cross-section walls, due to the corrosion action have been considered. Based on 
the results of analysis and technical inspection of structure, an upgrade solution was proposed. 
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The steel structure of the Hall is equipped of two crane bridges of 400 t (see Figure 2), and 
one of 16 tones. The crane girders are supported on the concrete dam at upper stream side, and 
on the longitudinal steel framing on the downstream side, respectively. 

 

  
Figure 2. Moving cranes of 400 t lifting capacity lean on the columns and rc supporting wall 

 
The steel roof structure is a planar lattice grid, which at that time was an inovative solution in 

domain, at that time obtaining a 25% reduction in the weight compared to the traditional sys-
tems. The bottom flange and diagonals are made of CHS sections, while the upper flanges, of 
build-up back-to back angle sections 2L, in order to provide the framing for precast r.c. roof 
slab elements (see Figure 3). The connections on bottom chord are welded spherical joints. The 
roof is composed by simple supported trusses on the two longitudinal edges. 

 

    
Figure 3. Reticular roof truss 

 
The runway beam of the bridge cane is made by welded rectangular box section (S355) of 

800 mm width and 1850 mm height being a continuous beam of 4 spans (4 x 14.77 m), corre-
sponding to the engine room section length. 

Columns located in the downstream of the structure are supporting the truss roof and runway 
beams of bridges cranes of 400 t and 16 t capacity. Due to the great height (31.80 m) and high 
gravity loads (roof self weight, heavy cranes) columns are made of build-up welded box sec-
tions (resulting class IV cross sections), stepped sections e.g.: 
 The upper part of a 900 x 1200 mm (t = 12, 14 mm) (S235); 
 The lower part  
 exterior part has variable thickness (t = 12, 14, 16, 18 mm):= 900 x 1200 - 1600 mm 

(S235); 
 interior part has variable thickness (t = 18, 20, 22 mm): = 900 x 1000 - 1400 mm (S 355). 
The evaluation objective was to assess the technical condition and the safety level of the bear-

ing structure of engine room, i.e. main frame columns, runway beams, roof structure (the reticu-
lated grid and the support beam). 
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2 IN TIME BEHAVIOR AND MAINTENANCE 

2.1 Summary of the previous surveys 

The initial project was developed by the Department of Steel Structures from “Politehnica“ Uni-
versity of Timisoara in 1967, while the structure was executed and erected between 1968-1969. 
In 1973 the Department of Steel Structures has provided survey and maintenance instructions. 

Three technical inspections have been realized in 1978, 1989 and 1995, respectively: 
 First inspection in 1978 realized by the Department of Steel Structures aiming to assess the 

conservation condition of the members of the main structure and recommended the restoring 
of corrosion protection (which was done in 1979); 

 Second inspection was also done by the Department of Steel Structures in 1989 again aiming 
to assess the technical condition of the structure. Following to that detailed technical instruc-
tion for inspection and maintenance of the supporting beams of the roof structure were pro-
vided to the beneficiary in 1993; 

 The third technical evaluation, in 1995, realized by the Department of Concrete Buildings of 
the Civil Engineering, Technical University from Bucharest (UTCB), aimed to assess the ca-
pacity of the structure in accordance with new, at that time, Romanian Seismic Design Code, 
namely P100/1992. 
Currently, the columns, the runway beam of 400 t crane bridges and the roof structure are un-

der evaluation. 
All the observations and recommendations of previous inspection underlined the advanced 

stage of corrosion (see Figure 4), especially in the roof structural elements and inside of col-
umns at the lower level and stipulated in the relevant technical reports the restoration of corro-
sion protection. It was recommended to adopt a sustainable solution for the roof envelope (that 
was rebuilt in 1992) and some measures where taken to stop the spread of corrosion inside the 
columns by filling their base with a layer of concrete, restoring of painting and providing sup-
plementary holes for better ventilation. There are also mentioned the roof supporting longitudi-
nal beam, upgrade requested on 1993 never realized. 

 

    
Figure 4. Corrosion fragment taken from inside the column during the inspection of 1989 

 
The evaluation made by UTCB in 1995 emphasized the correct treatment of the corrosion 

phenomena and was really effective for safety of the structure stopping the progress of rust; 
however it points out that corrosion within the longitudinal roof beam still is active and must be 
stopped. The advanced degradation of the roof envelope, which can jeopardize the bearing ca-
pacity of the roof structure, was also remarked. The numerical analysis was conducted consider-
ing 1 mm reduction in the cross-section wall thickness due to corrosion problems. Considering 
the nominal thickness, the analysis has concluded that overall structural capacity is assured 
without any significant intervention, but maintenance works, in order to prevent corrosion ef-
fects, are necessary. The technical report recommended taking measures to stop corrosion in the 
longitudinal roof beams, to repair the roof envelope, and to limit the speed of cranes due to poor 
condition of the rail clamps. 

2.2 On-site inspection 

Two surveys were conducted on site, in January 2007 and June 2008, respectively. 
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The interior inspection at the upper part of columns showed that they are dry inside. It proves 
at present, that the hall is well ventilated with low moisture content. However, significant blis-
tering of paint (with potential flaking, cracking and rusting in depth) in the lower section of the 
columns appears. Apparently, at the top it seems there are no corrosion problems, except per-
haps some small localized areas. Runway beams were also visited inside around the area of the 
access openings and look to be also dry, but some signs of corrosion were observed on webs 
(see Figure 5). The clamps on the runway beams are damaged bolt shear and holes ovalisation 
being observed. 

At the base of the columns are signs of stagnation of water in the past (see Figure 6). Water 
infiltration at the bottom side of the roof envelope was observed and the reticulated structure 
presents signs of corrosion at the upper flanges (see Figure 7). 

 

   
Figure 5. Corrosion phenomena inside the runway beams at bottom flange and at web 

 

   
Figure 6. Corrosion phenomena and paint degradation at the base of the columns 

 

 
Figure 7. Water infiltration at the roof envelope 
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3 STRUCTURE ASSESMENT 

The main frame structure was initially design according to Allowable Stress Design (ASD) 
method. 

The following loading cases were considered: self weight, snow; wind, bridge cranes, tem-
perature (for the roof reticulate structure), and earthquake loads, according with the current load 
standards (SR-EN 1991) and load combinations. 

For the structural analysis, two numerical models have been considered. First one is a longi-
tudinal frame (see Figure 8) with appropriate boundary conditions; the second one is the roof 
truss (see Figure 9). Both models are 3D and use linear elements. Only elastic analysis has been 
performed. 

 

  
Figure 8. Numerical models for longitudinal frame and boundary conditions 

 

Figure 9. Numerical models for roof truss 
 
To study the local effects (e.g. local buckling, stress concentration etc.) more complex and 

detailed models were built using ABAQUS 6.8-3 code (see Figure 10). For each individual 
member, like column, runway beam and longitudinal roof beam, 3D Planar Deformable Shell 
was used with two different steel grades, i.e. S235 and S355. Elastic-perfect plastic mechanical 
behavior was considered. Shell sections type Continuum Shell, Homogeneous, having nominal 
and 2 mm reduced thicknesses, were defined to model the behavior of constituents and material 
quality. Using “tie” constraint, the elements were assembled respecting the geometry of mem-
bers. Meshing elements were structured with a square mesh size using S4R elements. 

To capture the ultimate capacity and buckling factors of relevant members, general static 
analysis (II-order plastic) and buckling analysis (local and general buckling) were performed. 
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Figure 10. Advanced numerical model for runway beam (first span) and column 

3.1 Numerical results 

For column analysis, the following load combinations have been applied, in accordance with 
CR 0/2005 (equivalent to EN 1990): 1.35P + 1.5Up + 1.05V + 1.05Z (C1); 1.35P + 1.05Up + 
1.5V + 1.05Z (C2); 1P + 0.4Z + 1Sx (C3); where P – dead load, Up – bridge cranes load, V- 
wind load, Z – snow load. From the plotted numerical results of the nonlinear analysis (see 
Table 1) it can be seen that the stress level is under the yield limit in case of nominal thickness, 
while it exceeds this level in case of reduction of the sectional walls by 2 mm, to account for the 
corrosion. Also, the buckling analysis has revealed the weak point of the column is the same 
area at the junction between the upper and bottom branches. In case of nominal thickness the 
critical load factor is greater than 1, i.e. 1.1272 (C1), 1.1 (C2) and 1.3807 (C3), but in case of 
reduced thickness the critical load factor is less than 1, i.e. 0.6865 (C1), 0.6675 (C2) and 0.8313 
(C3), that emphasis the risk of local buckling in this case. 

 
Table 1. Von Misses stresses on columns at the junction 
Equivalent stresses C1 C3 C4 

Nominal 
thickness 

 
 
In the case of runway beam, the load combinations (1P + 1Up) was used. From plotted nu-

merical results (see Table 2) it can be seen that the stress level is under the yield limit in both 
cases with nominal or reduced thickness, except the area around supports. Also, the critical load 
factor is greater than 1.0 in both cases, even if it decrees from 2.089 to 1.323, e.g. from nominal 
to reduced thickness. 
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Table 2. Von Misses stresses on columns at the junction 
Concentration 
areas Von Misses 

 
 

 
Nominal 
thickness 

  
 
Due to the fact that buckling analysis doesn’t show local buckling problems, in the simplified 

global models the cross-sections were considered and defined without reduction. 

3.2 Safety criteria from initial design to actual evaluation 

The initial project was made on the basis of corresponding design regulations and loads (e.g. 
1968). During the life of this structure the characteristic loads have been modified and also, in 
1993 interventions at roof envelope were done by replacing the RC heavy precast slab panels, 
which considerably reduced the self weight. All this changes are summarized in the next para-
graph. 

In 1967 for steel members was applied STAS 763/1-66 according to the ASD rules. STAS 
946/56 has been used for variable loads. In 1978, after the adoption of STAS 10108/78 the LSD 
(limit state design) method began to be applied. From 1975 the STAS 10101/0-1975 have intro-
duced the new philosophy of load combination and safety factors in agreement with LSD phi-
losophy. A major change in the design earthquake force was made in 1992 with the issue of a 
new Standard for Seismic Design P100/92. In the same time, the standards for wind actions 
(STAS 10101/20-1990) and snow action (STAS 10101/21-1992) were changed. Currently, all 
the standards were modified following the Eurocode package. For steel design SREN 1993-1-1 
(e.g. EN 1993-1-1) was issued. The wind and snow actions are covered by NP 082-04, CR 1-1-
3-2005 respectively (EN 1991-1-4 and EN 1991-1-3) and combination rules are covered by 
CR0-2005 (EN 1990). Following the EN-1998-1 format, in 2006 last version of Seismic Design 
Rules P100-1/2006 has appeared. All these changes have increased the characteristic value of 
the loads and combination coefficients (see Table 3), but reduced the material partial safety co-
efficients. 

 
Table 3. Combination coefficients at design (ASD) and evaluation (LSD) 

Combination type   Fundamental     Accidental      Exceptional 
Load case         ASD  LSD     ASD  LSD     ASD  LSD __________________________________________________________________________________________________________ 

Permanent load (P)      1.00  1.35     1.00  1.35     1.00  1.00 
Snow load (Z)       1.00  1.5     1.00  1.05/1.5    1.00  0.4 
Wind load (V)       0   0/1.05    1.00  1.5/1.05    0   0 
Moving cranes loads (Up)   1.00  0/1.05    1.00  1.05     0   0 
Earthquake (S)       0   0      0   0      1.00  1.00 
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The ratio between the in service stress and the allowable strength (ASD) and the ratio be-
tween the internal forces and the available capacity (LSD) (Dubina & all, 2009) have been used 
to characterize the safety level. To make possible a comparison Table 4 summarizes the modifi-
cation of allowable stresses and safety partial coefficients, depending on load combinations. 

 
Table 4. Partial safety factors and allowable stress during the design period and different structural 
evaluation periods 
Material quality       1967 (ASD)         1995 (LSD)   2009 (LSD) 

C 1   C 2   C 3    C 1/2/3     C 1/2/3 __________________________________________________________________________________________________________ 

Partial safety coefficient    1.60    1.40   1.25    1.12       1.00 
OL 38 / S 235        1400    1600    1700     2100       2350 
17 M 13 / S 355        2100    2400    2700     3150       3550 
 

It is on interest to compare the level of loads at which the structure was initially designed and 
the actual level of loads (see Table 5). In case of runway beam, the characteristic values of loads 
given by the bridge cranes have been kept unchanged. 

 
Table 5. Characteristic values of the loads 
Element    Characteristic values for loads 
      P       Z       Up     V       S __________________________________________________________________________________________________________ 

Roof truss   5.50/2.46 kN/m2  1.00/1.92 kN/m2  107/112 kN  190/325 kN (+)  76.5/322 kN 
                          95/162 kN (-) 
Roof beam   5.50/2.46 kN/m2  1.00/1.92 kN/m2  0/0     6.50/8.62 kN/m2  0/0 
Columns   1460/553 kN   266/432 kN   6227/5765 kN 1.50/2.03 kN/m2  0/778 kN 

4 CONCLUDING REMARKS 

Numerical analysis of the columns revealed problems, attaining the yield strength in case of cor-
roded sections (e.g. by reduced nominal thickness by 2mm) in the junction area between the up-
per and lower branches of the stepped columns. In case of reduced thickness, local buckling of 
walls at load level less than critical loads occurs. From this reason, more detailed investigations 
are required and a local consolidation intervention is proposed. 

In case of runway beams, stresses exceed the yield limit in the supports area; again specific 
load consolidation was suggested. 

In Table 6 is presented comparatively the safety level at which the structure was initially de-
signed and the safety levels obtained by the actual evaluation. 

 
Table 6. Safety levels 
Element                Initial 1967       Actual 2009 
Reticular truss             1.05          0.75 
Runway beam             1.03          0.84 
Column                0.8          0.79 

 
At the end, it can be concluded that the safety level of the roof structure was significantly in-

creased due to the rehabilitation from 1992/93; however this intervention doesn’t modify so 
much the safety level of the columns and runway beams.  
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1 INTRODUCTION 

The Integrated Research Project “Sustainable Bridges - Assessment for Future Traffic Demands 
and Longer Lives” was funded by the European Commission within 6th Framework Program 
and has been carried out between the years 2004 and 2007. The Project aimed to help European 
railways to meet increasing transportation demands, which can only be accommodated on the 
existing railway network by allowing the passage of heavier freight trains and faster passenger 
trains. This requires that the existing bridges within the network have to be upgraded without 
causing unnecessary disruption to the carriage of goods and passengers, and without compro-
mising the safety and economy of the railways. 

A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, con-
tractors, research institutes and universities, has carried out the Project, which has a gross 
budget of more than 10 million Euros. The European Commission has provided substantial 
funding, with the balancing funding has been coming from the Project partners. Skanska 
Sverige AB has provided the overall co-ordination of the Project, whilst Luleå University of 
Technology has undertaken the scientific leadership. 

The Project has developed improved procedures and methods for inspection, testing, monitor-
ing and condition assessment, of railway bridges. Furthermore, it has developed advanced 
methodologies for assessing the safe carrying capacity of bridges and better engineering solu-
tions for repair and strengthening of bridges that are found to be in need of attention. 

2 GUIDELINES FOR REPAIR AND STRENGTHENING OF RAILWAY BRIDGES 

The purpose with the developed guideline is to assist the railway owners when deciding neces-
sary strengthening measures for railway bridges of concrete, steel or masonry. In addition also 
possible strengthening measures for the subsoil are discussed. When a structure is strengthened, 
this is usually done in the ultimate limit state (ULS). However, many of the strengthening meth-
ods that are described in this document will also be applicable when measures are needed in the 
serviceability limit state (SLS), for example decreased crack sizes for concrete structures or in-
creased stiffness for structural components. A new idea denoted a “Graphical Index (GI)” is 
used. The GI takes the standpoint in a structure or a structural member. The reason for strength-
ening is highlighted in a figure and Method Descriptions for each method to solve the problem 
are referred to. In addition to this, Case Studies are connected to the method when possible. It 

Guidelines for strengthening of railway bridges 

L. Elfgren, B. Täljsten, A. Carolin & J. Eriksen 
Luleå University of Technology, Luleå, Sweden 

ABSTRACT: In the international project “Sustainable Bridges”, one of the deliverables is a de-
sign guide for strengthening of bridges. This paper gives the reader a first look into this guide-
line which can be found at the projects website: www.sustainablebridges.net 
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needs to be stressed that a purpose has been to create a live document that should be easy to up-
grade and that it also should be possible to add new components to the guideline.  

The guideline is divided into Graphical Index document, Method Description documents and 
Case Study documents. Method descriptions give detailed description of the strengthening 
method referred to, equipment used, benefits and drawbacks and a cost estimate of the method. 
In the case studies different field applications of the method descriptions are presented.  

How the graphical index should be used is also demonstrated. The method description and 
the case studies follow a template and it would be easy to add new methods or case studies to 
the guideline following these templates. However, when adding new strengthening methods it is 
suggested that an expert within that area is consulted. 

2.1 Repair and strengthening of structures 
To repair or strengthen existing structures is a complicated task. Mainly due to the fact that the 
conditions are already set and that there often can be complicated to decide the underlying rea-
son for the strengthening need. In addition to this strengthening is mostly carried out for im-
proved load carrying capacity in the ultimate limit state but a structure is almost only loaded in 
the service limit state, which here also includes fatigue and durability limit states. This means 
that the strengthening needs and design must be based on theoretical assumptions that might be 
difficult to verify. Despite this, there is a quite good understanding how structures behave with 
different strengthening measures. In this section a general discussion regarding repair and 
strengthening philosophy is made, discussion the connection to safety. 

To consider the original design is always important, in particular for older structures that used 
other guidelines and codes than today. The original design forms the base in the strengthening 
need and here also all existing documentation and history for the structure should be considered 
when applicable. The next step is to consider the material in the structure and the material that 
are added after strengthening. Is the old and new material compatible or not? For example must 
composite action be obtained to transfer the forces from the structure to the strengthening? Pref-
erably we should be able to choose between different repair and strengthening methods and 
hence choose the most suitable one for the structure or component studied. Important is also to 
consider environmental issues, are we using the most possible environmental friendly products? 
Furthermore, the aesthetics and life cycle aspects must also be considered. Do we obtain a better 
appearance after strengthening and most important do we prolong the life and performance of 
the structure. Wrong choice of method might decrease the life. 

For all methods the cost must be considered and the cost should take in consideration the de-
sired function and the remaining expected life of the structure. 

In complicated cases tests may be needed and systems to follow up the strengthening struc-
ture over time introduced. Often these programs can be a combination of measurements and 
physical inspections, where the physical inspections are carried out more often the first years af-
ter completion. 

Most complicated is always to decide the condition of the existing structure. However, for 
complicated cases it is very important that a proper assessment is carried out. This assessment 
should be a combination of testing, site investigations and theoretical calculations. 
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As earlier mentioned, all structure need a minimum level of performance to function as in-
tended. However, all structures deteriorate over time. The deterioration process can in its sim-
plest way be explained by the curve in Figure 1. When the structure is built it has its original 
performance or safety. After some time we have reach the actual performance at level A, the de-
terioration process continues and at B we have reach the lowest acceptable performance or 
safety level. If no measures are taken at this point the structure or component has reached its end 
of life and need replacement. 

 
 

 
 
 

Figure 1. Philosophy regarding deterioration of structures 
 
However, if we instead upgrade the structure at time B we reach a new performance or safety 

level, see Figure 2. The deterioration process will continue and new upgrading are often needed. 
Also upgraded structures will eventually reach their end of life and need replacement, this is il-
lustrated by the point D in Figure 2. Thus, it is important to choose the most suitable method 
when a structure or component is going to be upgraded.  

 
Figure 2. Upgrading of performance or/and safety 
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Which method that is most suitable will vary from object to object. If upgrading in general is 
discussed and in particular for concrete structures the principles for upgrading is shown in Fig-
ure 3. 

 

 
 

Figure 3. General upgrading methods  
 
Often most economical is to carry out what can be denoted a refined calculation where more de-
tailed calculation tools are used, for example FE-analysis and considerations to real material 
data and structural dimensions are taken. However, other methods to upgrade a structure might 
be increased cross section, which is a common method for concrete structures bt can also be 
used for steel structures by welding additional steel parts to the structural member. Sometimes it 
might be possible to change the static system for the structure, transfer the loads into other parts 
that then can take up the new loading. For concrete structure, but also for metallic structure, ex-
ternal prestressing can be a suitable method to increase the load carrying capacity. Here a axial, 
positive or negative, load is introduced to the structure by prestressing. Building components 
can also be upgraded by external bonding of composite materials. Concrete as well as metallic, 
masonry and timber have been strengthening by this method. The method is considered rela-
tively new in the building industry even though it has been used during the last decade quite 
frequently.  

Primarily since it was found that the knowledge and experience about traditional methods are 
high, but also due to the reason that the knowledge and experience regarding FRP strengthening 
of railway bridges is small. Nevertheless, to be able to choose the most suitable strengthening 
method for a railway bridge a clear structure should be followed. It was found that a structured 
approach for strengthening applications was missing. Therefore, a large amount of work was 
placed on developing a structured methodology for strengthening of existing railway bridges. 
This structure has been denoted “Graphical Index”. To the graphical index, Method Descrip-
tions and Cases Studies are connected. 
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3 METHOD DESCRIPTIONS 

3.1 General 
The strengthening methods studied within the project are presented in the guidelines in a table 
format with one table for each method. Each method is named MD followed by a number #. The 
date when the method description was made is stated. Each table comprises a number of sec-
tions. 

3.2 Objectives 
Each method described can be used for different reasons. In the guideline it is stated for what 
purposes the strengthening method can be used. A structure can be repaired up to its original 
performance level or be in need of upgrading. Normally, repair or strengthening measures are 
applied in the ultimate limit state. A structure can also be taken care of due to serviceability or 
comfort, e.g. mean deflections or vibrations. Structural safety is included in structural repair and 
upgrading. In the section for objectives, Safety is related to redundancy or improvement of duc-
tility. 

3.3 Method Descriptions available in the design guide 
 

Concrete Bridges: 
− MD001 Adhesively Bonded CFRP Plates to Concrete Structures 
− MD002 Adhesively Bonded CFRP Sheets to Concrete Structures 
− MD003 Strengthening of Concrete Structures with Mineral Based Composites 
− MD004 Near Surface Mounted Reinforcement (NSMR) to Concrete Structures 
− MD005 External Prestressing of Concrete Structures 
 
Metallic Bridges 
− MD101 Adhesively Bonded CFRP Plates to Metallic Structures 
− MD102 Adhesively Bonded CFRP Sheets to Metallic Structures 
− MD103 External Prestressing of Metallic Structures 
− MD104 External Prestressed CFRP Plate 
 
Masonry Bridges 
− MD201 Adhesively Bonded FRP Plates to Masonry Structures 
− MD202 Adhesively Bonded FRP Sheets to Concrete Structures 
− MD203 Strengthening of Concrete Structures with Mineral Based Composites 
− MD204 Near Surface Mounted Reinforcement (NSMR) to Masonry Structures 
 
Subsoil and Foundation 
− MD301 Deep Mixing 
− MD302 Jet Grouting - Subsoil 
− MD303 Sheet Pile Walls/Stabilising Berms 
− MD304 Compacting Grouting 
− MD305 Embankment Piles 
− MD306 Jet Grouting - Foundation 
− MD307 Compaction Grouting 
− MD308 Shaft Grouting and Base Grouting 
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1 INTRODUCTION 

1.1 Importance 

Almost every new season makes us witness a new series of floods. Especially in the countries 
with poor infrastructure, but not only, the rise of the water levels causes the interruption of the 
traffic, due to the damaging of existing bridges or making some areas unreachable. In Romania, 
for example, the floods from the years 2005-2008 caused the collapse of several bridges and in 
some cases, the traffic has not been re-established even at this time, although this might be vital 
in case of natural catastrophes. The citizens of the Romanian village Marginea in the county 
Suceava, where a local bridge collapsed in 2008 had to build a new bridge on their own because 
of the lack of reaction from the authorities (Figure 1). 
 

 
Figure 1. Improvised bridge in the Romanian village Marginea, 2009 
 

Therefore, a solution for replacing collapsed bridge structures has to be implemented by au-
thorities in order to assure quick actions in case of emergency situations. Bridges made out 

GFRP emergency bridges. An ecological lightweight solution 

L. Blaga 
“Politehnica” University of Timisoara, Timisoara, Romania 

ABSTRACT: The worldwide climate changes in the last years, as well as the growth of poten-
tial terrorist threat, increased the need of bridge structures, having an adequate bearing capacity, 
easy and fast to erect and low cost at the same time. The paper presents glass fiber reinforced 
polymers (GFRP) as a solution for emergency bridges, taking into consideration the advantages 
of this relatively new material and presenting two proposals for future provisory structures. 
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glass-fiber-reinforced-polymers are to be taken into consideration as a lightweight solution that 
might save lives. 

1.2 Material 

GFRP profiles can be fabricated through various processes, including filament winding, auto-
clave cure, molding and pultrusion. Pultrusion is the most common process for obtaining struc-
tural GFRP profiles. During the pultrusion process, glass fiber reinforcements are being impreg-
nated with duroplastic resins (epoxy, polyesters, vinyl esters, phenol), after which the final 
shape of the profiles is given, in a pre-heated mold (Figure 2). 
 

 
Figure 2. Pultrusion process 

 
It is a continuous process which produces profiles of constant cross section. After the profiles 

are cured into their final geometry, they are being cut at defined lengths. The resins form the 
matrix of the material, which has multiple roles: interlaminar shear strength, load transfer be-
tween the fibers, fire resistance, protection against abrasion, resistance against moisture and 
chemicals etc. The reinforcements consist of E-glass roving with woven and complex matting.  

Structural profiles can be obtained in various cross sections, similar to those of steel: I-
profiles, T-profiles, U-profiles, angles, square tubes, strips, round tubes and bridge decks.  

The behavior of GFRP is anisotropic, therefore the properties of the material are referred to 
0° - parallel to the fiber direction (pultrusion direction), 90° - perpendicular to the pultrusion 
direction or “o” for properties independent to the pultrusion direction. 

Table 1 presents the mechanical properties of GFRP, values provided by Fiberline Compos-
ites A/S, in dry conditions and temperatures from -20°C to 60°C.  
 
Table 1. Mechanical properties of GFRP ___________________________________________________________________ 

Property       0°      90°    unit ___________________________________________________________________ 

Flexural strength   200-450    40-180    MPa 
Tensile strength   200-400    30-120    MPa 
Compressive strength 150-300    60-150    MPa 
E-modulus    14000-40000  7000-12000   MPa 
Impact strength   40-125    20-100    kJ/m² 
Modulus in shear   2500-4000  2500-4000    MPa 
Poisson’s ratio    0,23     0,09     - 
Shear strength    20-40    20-40    MPa ___________________________________________________________________ 

1.3 Environmental impact 

A material evaluation was conducted for a pedestrian bridge in the province of Zeeland, Holland 
(R. A. Daniel, 2003). Structural steel, stainless steel, GFRP, aluminum and concrete were ana-
lyzed in order to find which is the most suitable for building a bridge, concerning the energy 
consumption and the volume of air and water polluted; energy consumptions for the production 
of the materials as well as for the maintenance of the bridge were taken into consideration. 
GFRP proved to be the best environmental choice, polluting only 78% less water volumes as 
steel (and almost the same volumes of air) with a energy need of only 40% from that of steel. 
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As a result of the study, the Standard bridge was erected; beside the low ecological impact, 
another reason for choosing GFRP were the low maintenance costs due to the material’s resis-
tance to weather and corrosion. 

2 ADVANTAGES OF GFRP 
 
Having a self-weight of only 20% from that of steel, GFRP offers an optimal weight-to-strength 
ratio, exceeding those from steel and aluminum. The post-processing is made with tools common 
to wood machining. Therefore a bridge made out of GFRP can be very simple and fast to erect, 
requiring less qualified working force. It is also electro-magnetic transparent and suffers no corro-
sion, thus resulting an easy maintenance. GFRP is dimensional stabile under the influence of 
physical, thermal and environmental stresses. It can be therefore applied in corrosive environ-
ments, resisting to most industrial chemicals and moisture. It also has an adequate noise and vibra-
tion absorption. 

The manufacturing and transportation costs can be minimized trough reducing the assembly 
and handling time and simplifying the inventory (Figure 3). 
 

 
Figure 3. Transport of the Pontresina bridge, Switzerland 

3 EXISTING STRUCTURES 

3.1 Notable spans 

At this moment, there are about 400 bridge structures worldwide, where GFRP has been used 
load bearing. Table 2 presents a brief evolution of all-GFRP bridges in the last two decades. 
 
Table 2. All GFRP bridges ________________________________________________________________________________________ 

Bridge                          Country           span (m)                   destination            year ________________________________________________________________________________________ 

Aberfeldy                     Scotland              25+63+25                   footbridge             1992 
Fiberline                       Denmark                   40                         footbridge              1997 
West Mill                     England                     10                         road bridge            2002 
Lleida*                          Spain                        38                         footbridge              2004 
M6 **                           England                  2x25,7                     road bridge            2006 
ASSET                         Germany                 21,45                       road bridge            2008 ________________________________________________________________________________________ 

*Figure 4; **Figure 5 
 

148



 
Figure 4.Lleida bridge, Spain 
 

 
Figure 5. M6 bridge, Mount Pleasant, England 

3.2 Emergency bridge 

In 2005 a prototype of a modular GFRP truss bridge was erected, for natural disaster- and out-
of-area-missions (Figure 6). The specifications was adapted to the requirements of supporting 
bridges for humanitarian missions, involving the load class MLC40 (40t truck), a maximum 
crossing speed of 40km/h and a maximum span of 30m. The weight of the whole structure was 
17 tones and dismountable connections allowed the hand erection by unskilled workers. 
 

 
Figure 6. Inventive GFRP truss bridge, RWTH Aachen University, 2005 
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3.3 Issues 

In the design of GFRP structures, engineers must pay a special attention to bypass the disadvan-
tages of the material: creep and shrinkage, global and local buckling, aerodynamic instability 
due to the reduced mass, lack of design codes and especially the limited joining and connection 
technologies. The high first cost is also to be taken into consideration (Figure 7). 
 

 
Figure 7. Steel shoe for GFRP truss girder connections 

4 PROPOSED STRUCTURES AND FUTURE RESEARCH 

As future solutions for emergency bridges, we propose two structures, with spans of L=10m and 
L=30m. The dismountable connection techniques for these structures are studied at this moment 
in the frame of a PhD thesis at the Faculty for Constructions within the “Politehnica” University 
Timisoara in collaboration with Fiberline Composites A/S. 

These two spans will cover a wide range of applications in humanitarian missions during 
emergency situations like earthquakes, flood, accidents or even terrorist attacks. Both structures 
represent single lane bridges, with an FBD600 ASSET bridge deck (Figure 8). The 30m span 
bridge will be a truss girder structure with falling diagonals while the 10m span bridge will have 
a simple supported beam structure (plain girder), with tie girder(Figure 9). 
 

 
Figure 8. ASSET bridge deck profile. Courtesy of Fiberline Composites A/S 
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Figure 9. Simple supported beam structure with tie girder 
 

The tie girder could also be a solution for the truss girder, reducing the stresses in the lower 
chord and joint forces. The self tensioning force in the tie girder can be calculated with the fol-
lowing formula: 
 

 ttttttt LAELEALEIhEIhX  )/1()/1()/(/)/( 2        (1) 

5 CONCLUSIONS 

GFRP emergency bridges represent efficient solutions for humanitarian missions, being easy 
and quick to transport and install. Future research will have to develop more efficient connec-
tion methods, more adequate to the properties of the composite material. In the next years two 
small span emergency bridges will be designed, using improved material adapted dismountable 
connection technologies in order to be applied by authorities in case of natural disasters or ter-
rorist attacks. 
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1 INTRODUCTION 

In the last years the requirements of sustainability in the design and upkeep of infrastructures 
have increased. Sustainability in this context means life cycle based design and multiple criteria 
oriented goal setting which takes into account all ecological, economical, societal and cultural 
requirements for infrastructures. Also, highway board departments as well as cities and commu-
nities become faced more and more with the problem of maintaining a bridge stock with just 
limited funds at their disposal. These reasons have given rise to the development of new soft-
ware applications for calculation of life cycle costs (LCC), for determination of environmental 
impacts (LCA) and for Lifecycle Management Systems (LMS) of bridges. These applications 
offer computer-aided support for planning, construction, inspection, maintenance, repair and re-
novation of bridges. 

Four software developments for bridges are presented in this paper. The first one, WebLCC, 
developed by Royal Institute of Technology (KTH) Sweden, is for calculation of life cycle costs 
of bridges at the design stage. The second one, Bridge LCA, developed by Norwegian Univer-
sity of Science and Technology (NTNU), is for determination of environmental impacts of 
bridges based on a life cycle analysis. These software were developed during a joint Nordic pro-
ject ETSI which was financed by the road administrations of Finland, Sweden and Norway. 
Life cycle cost and environmental impact calculations are needed at least for comparison 
of the different design alternatives, determination of the optimum balance between the invest-
ments and for decision making on when an old bridge should be replaced by a new one. 

The two other software developments are approaches towards a predictive Life-cycle Man-
agement Systems which can be used in continuous operation and planning of bridges. Bridgelife 
is the name of a bridge management software, developed by Technical Research Centre of 
Finland (VTT), which can be used for timing and specification of maintenance, repair and reno-
vation (MR&R) actions in the future, for calculation of costs and environmental impacts related 
to MR&R, and for optimizing the upkeep of bridges over a long period of time. The forth appli-

Latest Software Development for Life Cycle Management of 
Bridges in Europe 

E. Vesikari 
VTT Technical Research Centre of Finland 

A. Borrmann & K. Lukas 
Technische Universität München, Germany 

ABSTRACT: Four European software developments for life cycle management of bridges are 
introduced. WebLCC, by Royal Institute of Technology (KTH) Sweden, is developed for calcu-
lation of life cycle costs of bridges at the design stage. Likewise, BridgeLCA, developed by 
Norwegian University of Science and Technology (NTNU), allows for determining environ-
mental impacts of bridges based on a life cycle analysis. The third system, Bridgelife, developed 
by Technical Research Centre of Finland (VTT), has been developed for life cycle planning and 
management of bridges. It is capable of predicting condition, costs and environmental impacts 
related to maintenance and repair. The forth one, under development at the Technical University 
of Munich (TUM) Germany, is a predictive life cycle management system based on a 3D build-
ing information model. 

152



cation, developed by Technical University of Munich (TUM) Germany, has similar properties, 
but is structured around a central database and is capable of using a 3D building information 
model.     

2 WEBLCC 

2.1 Introduction 

WebLCC is a program for performing Life Cycle Cost (LCC) calculations of bridges. The pro-
gram summarizes all the costs occurring during the intended life-span of a structure and recalcu-
lates these costs to a certain point in time, usually the time of inauguration of the structure, us-
ing the net present value method. The LCC calculation includes the construction, operation, 
repair work and the demolishing of the bridge at the end of the lifetime (ETSI, 2009). 

The calculation also includes indirect costs for the road users due to traffic interruption dur-
ing repair work. WebLCC is sufficient general for making LCC analysis even for a small part of 
a large project. WebLCC also allows for simple and fast way of comparing two different solu-
tions for a bridge or bridge part. 

 

2.2 Data Input 

In the page “General Conditions” general input data regarding the environment and the concep-
tual design of bridge is entered. The data includes the type, width and length of the bridge, the 
ADT (Average Daily Traffic), the percentage of heavy trucks, the climate zone, the real interest 
rate and other factors influencing the LCC calculations must also be defined. It is possible to use 
WebLCC for making a rough calculation of the investment cost, but it is also possible to calcu-
late the investment separately and input it here in the General Conditions menu. The largest 
value for investment will be chosen in the calculation. The second part is for inputting climate 
factors. Default values are given.  

 

 
 

a)  b) 
Figure 2. The investments menu page. A large amount of different bridge parts can be added and modi-
fied (ETSI,2009). 
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The next steps are for inputting investment, maintenance and repair data. Figure 2 a) shows 
the Investments menu. In this menu unit costs for typical materials are given and on a drop-
down menu Figure 2 b). Lots of different bridge parts can be added and also new material costs 
can be added. This makes the input very flexible.. 
 

2.3 Maintenance 

Next WebLCC lets you specify the operation and maintenance actions that are needed during 
the life cycle of the bridge. The operation and maintenance page is built up by two parts, the in-
put part and the compilation of cost part. The input part, depicted in Figure 4, presents the repair 
actions that can be performed. The user can add or remove repair actions. The compilation of 
the cost part will show the calculated costs. 

 
Figure 4. The different operation and maintenance actions that can be inputted. Observe also that it is pos-
sible to add more items (ETSI, 2009) 

 
It is possible to define constant intervals between the operation and maintenance actions or to 

input specific years when the repair actions shall be made. 
The cost for traffic disturbances are specified by the number of days and the length of stretch 

that the maintenance action will affect. The costs are calculated based on the ADT and hourly 
cost for trucks and private cars, as specified in the “General Conditions” page. 

Next WebLCC gives the possibility to specify the necessary repairs and the interval between 
these actions. This is performed on the Repair menu. As the Maintenance menu also the Repair 
menu is built up by two parts, the input part and the compilation of cost part. The input part pre-
sents the repair actions that can be performed. The user can add or remove repair actions. The 
compilation of cost part will show the calculated costs.  

It is possible to define constant intervals between the repair actions or to input specific years 
when the repair actions shall be made. 

A Base interval is defined as a default interval between repair actions. This value is used for 
calculating the real intervals. 

The calculated interval is the base interval multiplied with the modifying factors that will de-
pend on the amount of de-icing salting , thickness of covering sections and other properties. 

The user can input a chosen value for the repair interval. If a user defined interval is chosen, 
the value will not be weighted with any of the factors that modify the based interval. 

The cost for the traffic disturbance is specified by inputting the length of the stretch that will 
be affected as well as the number of days this intervention will last. 

2.4 Sensitivity Analysis 

Sensitivity analysis allows for an estimation of how sensitive the calculations are for variations 
in certain input parameters. This can be useful when precise costs or time intervals of an activity 
are not available. 
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2.5 Results 

The result of the calculation can be presented both in a version adapted for the screen and for 
printing. In the following an example of results is presented. 

In the analysis of the Klenevågen steel bridge the real investment costs were used. The repair 
costs have been taken from the Swedish BatMan database for repair costs. These costs don’t in-
clude establishment, traffic safety precautions and other general costs for the repair campaign. 
Typically the real repair costs are two to three times higher than the bare repair cost.  
 
Table 1. LCC agency cost for the Klenevågen steel bridge. Note that the costs have been determined in 
Swedish crowns (SEK) 

 
 Life 

span/ a 

100   Calculation 

rent/  % 

3  Deck 

area/ m2 

340 

 Interval 

(years) 

Price Quan

tity 

Costs 

(SEK) 

No of 

times 

mp NPV- 

factor 

Total 

costs 

% Tot cost 

/m2 deck 

area 

New construction 

Continuous inspection 

Main inspection 

- 

1 

5 

9140 000 

1 000 

10 000  

1 

1 

1 

9140 000 

1 000 

10 000 

1 

99 

19 

- 

99 

95 

1 

31,55 

5,90 

9140 000 

31 547 

58 998 

88,3% 

0,3% 

0,6% 

26 882 

93 

174 

Cleaning etc. (properties) 

Surfacing (asphalt) 

Impregnating edge beam 

1 

10 

15 

15 

220 

240 

340 

340 

86 

5 100 

74 800 

20 640 

99 

9 

6 

99 

90 

90 

31,55 

2,70 

1,67 

160 889  

202 286  

34 405 

1,6%  

2,0%  

0,3%  

473 

595 

101 

Painting steel 

Replacing edge beam 

Replacing railing 

Demolishing 

20  

50  

50  

100  

1200  

7 500  

2 000  

914 000  

361 

86 

86 

1 

433 200 

645 000 

172 000 

914 000 

4 

1 

1 

1 

80 

50 

50 

10

0 

1,12 

0,23 

0,23 

0,05 

486 892  

147 129  

39 234  

47 558  

4,7%  

1,4%  

0,4%  

0,5%  

1 432 

433 

115 

140 

        10 348 938  100,0% 30 438 

 

3 BRIDGE LCA  

3.1 Introduction 

BridgeLCA is a tool developed for the assessment of environmental impacts related to 
bridges. It allows for analyses at various levels of detail, and is thus a flexible tool and suitable 
for use at all stages in a bridge planning process. Analyses performed with BridgeLCA give re-
sults in impacts in 6 different environmental areas of concern. These are: abiotic depletion, 
acidification, eutrophication, global warming, ozone layer depletion and photochemical oxida-
tion. It also offers a single total score for each bridge analyzed, obtained by applying normaliza-
tion and weighting factors (ETSI, 2009). 

BridgeLCA comprises a package of files: the full version BridgeLCA and the simplified ver-
sion BridgeLCA Simplified, user manuals for both versions and a documentation report. Both 
versions of BridgeLCA can be used in various stages of a planning process. The simplified ver-
sion gives environmental impact results based on information entered by the user on bridge 
types, size parameters and main material choice. The full version calculates environmental im-
pacts based on material, energy and transportation requirements, and it is the user who deter-
mines the level of detail of the analysis relative to data availability and amounts of data entered. 
The system borders applied in the two versions differs. The full version includes the whole life 
cycle of the bridge, from extraction of raw materials, production of materials and parts, con-
struction of the bridge, the use phase and the end-of-life phase. The simplified version differs by 
not including the use phase and the end-of-life phase. 

The full version, BridgeLCA, is developed with a combination of MATLAB programming 
and Microsoft Excel. Data used in calculations are read into MATLAB from Microsoft Excel 
sheets, matrix manipulations and calculations are performed in MATLAB and then results are 
written to both Microsoft Excel sheets and an html report. 
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3.2 User interface 

The user interface of the full version is the Microsoft Excel workbook, through a front page 
with interactive links to a user manual, a documentation report, and sheets for entering data, 
background environmental data and some results. There is also a link to BridgeLCA Simplified.  

From the Front page sheet the user can maneuver between the other sheets of the Microsoft 
Excel document, user manual and documentation, run the MATLAB program and access the re-
sults, i.e. access different elements of the program. By clicking the blue arrow next to “Data in-
put”, the Data input sheet is opened. 

3.3 Data input  

A section of the Data input sheet is given in Figure 5. Here the user has the opportunity to en-
ter detailed amounts of material, energy and transportation services that the bridge consumes 
during its lifetime. Data can be entered for three different bridges or three alternative designs of 
one bridge in the Data input sheet. In the upper left corner there is a table for entering informa-
tion about the current project and analysis the user is working on. 

 

 
Figure 5: A section of the Data input sheet (ETSI, 2009) 

 
The structure of the Data input sheet, divided in horizontal and vertical information, is de-

scribed in the following.  
For each bridge part or life cycle stage you can enter consumption of material and energy in 

the column underneath. 
To the right for the main table, densities and layer thicknesses for some materials can be en-

tered. Default values are given, but these can be changed by the user if needed. Even further to 
the right, environmental cost for each impact equivalent can be entered. This is for calculating 
environmental costs of the system in the input sheet. This is done in the columns next to the cal-
culation factors. 

3.4 Running the calculations 

When the bridge data is entered the user can run the BridgeLCA MATLAB program easily 
by clicking the button “calculate” in the front page of the BridgeLCA.xls file. The program will 
start running and a command window will appear. The user will be asked to choose the input 
file. The folder with BridgeLCA will open automatically and the user can double-click the 
BridgeLCA.xls file. After this the MATLAB program will calculate the environmental perform-
ance of the bridges. 
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The environmental impacts are calculated based on the inputs and pre-calculated environ-
mental impacts for all 38 input parameters (further described in following paragraph). The re-
sults presented are potential environmental impact for all material and energy demand through 
the life cycle of the bridges. The LCA results are presented in the Results sheet as tables (Figure 
7), and results are also given as figures in an HTML document, both which are accessible from 
links on the front page. The level of detail in the analysis provides very detailed results. 
BridgeLCA offers results for easy comparison of the bridges analyzed, and also detailed infor-
mation about what input parameter, what bridge part and what life cycle stage contribute to the 
various environmental impact categories. 

 
Figure 7: A section of the Results sheet (ETSI, 2009) 

 
After having performed the calculations, a number of figures are produced, with graphs that 

can be examined for detailed illustration of various aspects of the environmental impacts within 
the overall bridge system. A selection of these figures is published in the HTML report, which is 
accessible from the Front page. Two examples of such figures are shown in Figure 8, where the 
left-hand side part shows bar diagrams for the total aggregated (including weighting) LCA re-
sults, and the relative contributions from each of the six environmental impact categories, after 
an examination of three bridge cases in Norway. The right-hand side of the figure shows the 
corresponding accumulative environmental impact for each bridge part and life stage of the 
bridge systems. 

 
  

 
 
Figure 8: Examples of graphs from the result report (ETSI, 2009) 
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3.5 The impact data 

For use in the calculation of the potential environmental impacts throughout the bridges’ life 
cycles, emissions in equivalents are obtained for all input parameters, e.g. kg CO2 equivalents 
emitted per m3 of concrete produced. The Impact data sheet contains these pre-calculated poten-
tial environmental impacts for all materials and activities (input parameters) that can be chosen 
in the Data input sheet. The Impact sheet can be entered by clicking on the environmental data 
arrow on the Front page. Each input parameter has one vector of equivalents in this sheet. The 
pre-calculations of impact vectors have been made outside and independent of BridgeLCA, by 
using the LCA software SimaPro (PRéConsultants, 2008), and the Ecoinvent LCA database 
(Ecoinvent, 2008). The environmental data is classified, characterized, normalized and weighted 
in accordance with the Life Cycle Impact Assessment steps. 

Normalization and weighting are applied for some results only. The Impact data sheet also 
contains weighting factors for the different environmental categories. The user can change the 
weighting vector to fit own wishes, e.g. the importance of different emission categories accord-
ing to for example governmental national goals. 

 

4 BRIDGELIFE  

4.1 Introduction 

A Microsoft Excel based life cycle design tool for concrete bridges was created in coopera-
tion with the Finnish Road Administration. The principles of the program module follow the 
outlines described in the EU project LIFECON (GIRD-CT-2000-00378). According to LIFE-
CON principles the characteristics of the module are the following: predictive, integrated, opti-
mising, life cycle based and probabilistic. The module combines LCC and LCA analyses with 
performance (condition) analysis (Vesikari, 2008). 

The program includes a separate module for service life design. With help of it the bridge 
components can be designed to ensure a longer service life than the required design service life 
with a given safety level. Both the life cycle design and the service life design are based on the 
Markov Chain based condition analysis (ETSI, 2007) 

4.2 Data input 

Figure 10 shows the Initial Data Display of Bridgelife.  
 

 
Figure 10. Initial Data Display of Bridgelife. 
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On the Initial Data Display it is possible to select: 
• Initial data file 
• Length of the design Period 
• Discount rate 
• Bridge  

 
When pressing the button ”Change Initial Data File” a directory tree is opened. From the di-

rectory tree the initial data file is chosen by the user. When changing the initial data file the data 
of the new initial data file is checked.  

The length of the design period must be between 50-200 years. The program checks that the 
given design period is between this range. The discount rate must be between 0 – 15 %. 

All bridges contained in the initial data file are seen in the list window. The program uses the 
data of the initial data file which contains all the relevant bridge and component specific data 
from the bridge register.  

When the user selects one bridge from the list the initial data of the selected bridge can be 
checked, changed or supplemented before calculation by pressing the buttons in the frame ”Data 
of the Chosen Bridge”: 
• Check Bridge Specific Data 
• Check Component Specific Data 

The user of the program can do changes/additions in the initial data by the Check Data dis-
plays before calculation. For all the initial data default values have been specified. So the pro-
gram is not interrupted if any of the initial data is lacking as it automatically applies the default 
data instead of any lacking initial data in the initial data file. 

The relevant bridge specific data of the chosen bridge are the following: 
• Geographical situation 
• Purpose of use 
• Exposure stress 
• Maintenance class of the road 
• Maintenance class of the crossing road 
• Bridge site class 
• Year of fabrication 

 
Usually bridge specific data are not liable to changes but if necessary they can be changed on 

the Check Bridge Specific Data display. The changes are not stored in the initial data file, how-
ever. They are maintained only during the calculation. 

By pressing the button ” Check Component Specific Data” a list of components of the se-
lected bridge is opened. The user selects from the list a component the data of which he/she 
wants to check. When pressing the button ”Change Component Specific Data” the component 
specific data will be displayed: 
• Dimension in height direction, m 
• Dimension in breadth direction, m 
• Dimension in length direction, m 
• Quality of cement 
• Strength class of concrete  
• Air content of concrete, % 
• Concrete cover, mm 

 
The component specific data includes also data on past maintenance and repair actions and 

the existing condition by which the degradation models can be calibrated. The data fields are 
prefilled but they can be changed by the user.  
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4.2.1 Making a life cycle plan 

To do a life cycle plan for the selected bridge the designer presses the button “Do Life Cycle 
Planning”. Then the program goes through all the components of the bridge in a row and speci-
fies the MR&R actions using the decision trees and gives timings to the actions using the auto-
matic condition guarding system. The program also automatically combines actions that are 
close to each other to the same year thus planning preliminarily the “projects”. So the program 
may slightly change the component level optimal timings of actions to synchronize with project 
level optimal timings. 

As a result of the calculation process the Results form is opened. On the Results form the de-
signer can: 

• see the component specific results of planning 
• see the bridge specific results of planning 
• do manual changes to the life cycle plan and  
• print the results of the life cycle planning on paper or to store them in another file. 

 
Figure 11. Results Display of Bridgelife. 

 
The core of the calculation 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 of an 
automatic condition guarding system which triggers MR&R actions whenever the predefined 
limit state of condition is exceeded. A summary of this analysis is seen on the Results Display. 
It shows the component specific lice cycle action profile and the figure on the average condition 
rating with time. The user can choose whichever component and these data are instantly dis-
played. 

In Bridgelife the condition of a component is evaluated with regard to two degradation 
mechanisms: “Surface damage” and “Crack corrosion”. A curve for crack corrosion can be ob-
tained by pressing Crack Corrosion button on the Results Display.  
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At the lower edge of the Results form there is a frame with the title ”Bridge specific results”. 
Within the frame there are three buttons: 
• Project data 
• Life Cycle Costs and 
• Results of LCA 

By pressing the button "Life Cycle Costs" The Life Cycle Costs display is opened (Figure 
12). On that form the cumulative life cycle costs of the selected bridge from the selected design 
period are presented. Also the average annual costs are presented. The MR&R costs and user 
costs are shown as real costs and present value costs. 

 
Figure 12. Life Cycle Costs Display. 

 
By pressing the button "LCA Results" a frame with the same title will open. On that the total 

environmental burden from the whole bridge and from the whole design period is presented: 

 
Figure 13. The LCA Display. 

 
The automatically prepared life cycle plan can be changed manually. Manual changes are 

made based on the existing plan. However, this does not prevent the designer to make a plan of 
his/her own mind. 

The condition guarding system is not in force in the manual design. Instead there are graphs 
presenting the average condition rating of the component. When manual changes are made the 
figures of “Surface damage” and “Crack corrosion” instantly show the effects of these changes 
on the condition curves. From the figures the designer can check that the required condition lim-
its are not exceeded.  
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5 PREDICTIVE LIFE-CYCLE MANAGEMENT SYSTEM BASED ON BIM 

5.1 Introduction 

A software system for the predictive life-cycle management of reinforced concrete buildings 
is being developed at Technical University of Munich (TUM). The system can be used for any 
kind of buildings, including houses and bridges. Its core is formed by a building information 
model (BIM) which not only comprises the 3D geometry of the building but also all data rele-
vant for performing the life-cycle analysis. A hierarchical subdivision of structures into several 
levels allows a detailed allocation of information (Lukas et. al., 2009). 

 

5.2 3D Building Model 

In conventional life-cycle management systems the data concerning the building, e.g. inspec-
tion data, is allocated textually. This approach is very non-transparent and therefore error-prone 
as the inspection planner has to assign the data mentally to their real locations and building 
components. 

Therefore the TUM approach uses a 3D building model as centre of all data acquisition and 
data retention activities. All non-geometric information as  

• material properties, 
• environmental loads, 
• inspections, 
• monitoring data, 
• condition changes and 
• repair actions 

is stored in reference to the geometry model. In addition also photos taken at inspection or 
files containing inspection results can be attached to the geometric model at the correct location. 

This makes the allocation of information much easier and guarantees a good overview over 
the buildings condition. The danger of adding information to the wrong building element is 
minimized. 

The building information model is structured vertically into five levels of detail (LoD) as 
shown in Figure 14 (Schießl & Mayer, 2007). This structure is necessary to make the optimum 
use of fully-probabilistic deterioration models we are developing. 

The first level represents a whole building. There can be multiple entities on this level under 
an imaginary level 0 meaning all buildings under the administration of the public or private user 
of the PLMS. 

 
Figure 14. Hierarchical structure of the building information model (Schießl, 2007). 

Level 2 - Modules  

Level 3 - Elements  

Level 4 - Element Parts 

Level 5 - HotSpots

foundation, pylon, superstructure, 

Level 1 - Buildings bridge A, bridge B, ... 
multi-story car park A, ... 

bridgehead, ... 1st floor, 2nd floor, 

pavement, pylon, ... 
wall, slab, binding girder, ... 

pylon base, pylon shaft, ... 
wall base, ...

pylon base with cracks, ... 
wall base coated, ... 
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The second level delineates modules. These are groups of building elements belonging to-
gether either from organizational or from functional point of view. 

The building elements themselves are stored on level 3. They can be further divided in sub-
element parts on level 4 and 5. 

Level 4 describes element parts. These are parts of building elements that are subject of dif-
ferent environmental stresses than the rest of the building element. For example, wall bases un-
der salty splash water conditions normally contain higher concentrations of chlorides than the 
upper wall segment. Thus the wall bases should be considered separately from the rest of the 
wall. 

On level 5 hotspots are managed. A hotspot is a place with extraordinarily high environ-
mental loadings and low material resistance or a place where already damage was observed. 
Thus a hotspot can be set by the engineer or bridge-owner during planning (e.g. jointings) or can 
be added later when changes in the environmental stresses or damages occur. 

As the PLMS should be useable for such different infrastructural building types as bridges, 
parking garages, etc. the exact building structure inside those five levels can be configured by 
the user according to his special needs. 

 

5.3 Architecture  

The architecture of the life-cycle management system we are developing is shown in Figure 
15. The system is structured in five modules grouped around a central database. 
 

 
 
Figure 15.  Architecture of the predictive life-cycle management system (Schießl, 2007). 

5.3.1 Database  
The database is the core of the system. Herein, all relevant data concerning a building is 

stored. This comprises the geometry, all non-geometric data, the material properties, inspection 
data, environmental loads and so on. The geometry is stored in form of a boundary representa-
tion model (B-Rep). All the non-geometric data is linked to geometric features, e.g. to surfaces. 

5.3.2 Acquisition Module  
In the acquisition module the user can add a new building to the database. In a first step he 

uploads a 3D geometry constructed in an external CAD program. Inside the acquisition module 
he can structure the building according to the five levels mentioned before and add additional 
data such as material properties, construction dates, environmental loads and so on. He thereby 
is assisted by a three dimensional representation of the building’s geometry implemented with 
the Java 3D library as shown in Figure 16. 

  
Repair Module Prognosis Module 

Assessment 
Module 

Database 
Acquisition 
Module 

Condition Acquisition 
Module 
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Figure 16. Graphical User Interface of the Acquisition Module 

5.3.3 Condition Acquisition Module  
In the condition acquisition module inspection data is added to the building information model. 
The inspection results are preprocessed and statistically evaluated so the user only has to enter a 
distribution type and the respective distribution parameters. This information will be needed for 
the successional prognosis computation. In addition also photos and original files created by in-
spection sensors can be attached to the 3D model. Similar as in the acquisition module (see Fig-
ure 16) a 3D representation of the geometry assists the correct localisation of the data. 

 

 
Figure 4: Graphical User Interface of the Condition Acquisition Module 
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5.3.4 Prognosis Module 
In the prognosis module the condition prognosis over the building’s lifetime is computed. 

Here two different cases have to be considered: For those deterioration processes for which al-
ready quantified deterioration models exist (at the moment depassivation of reinforcement due 
to carbonation or chloride ingress) the software package STRUREL (RCP, 2007) is used. In all 
other cases Markovian Chains are used as place holders that can later be replaced by fully prob-
abilistic deterioration models. 

STRUREL has originally been developed to perform probabilistic computations for problems 
in statics. But as the limit functions can be defined freely by the user, the program can be used 
for reliability studies in general.  

The communication between PLMS and STRUREL is done via files. PLMS gives the dete-
rioration model containing distribution functions for all parameters needed for the computation. 
STRUREL returns the condition state of the structure expressed into a structural reliability 
and/or a probability of failure over time. These results are stored into the database again. 

By incorporation of inspection data which have been obtained from the structure with non-
destructive inspection techniques (e.g. chloride profiles, carbonation depths) it is possible to 
specify the prior service life design. 

 

5.3.5 Assessment Module 
In the assessment module the condition state of the building is visualized. The user can 

choose the level of detail of the visualisation. Only the condition indices of the lowest level 
(surfaces) are stored in the database, for higher levels (building elements, modules, the entire 
building) the condition states (e.g. reliabilities) have to be aggregated with specific algorithms 
(run-time based). 

The smallest unit within the acquisition of structures is a single surface. For instance one sur-
face can be one side of the six sides of a column. Therefore one element comprises several sur-
faces and one building comprises several elements again and so on. To generate a condition 
state on building level (which is called the Building Condition Index BCI), the condition states 
of all corresponding elements are needed (Condition Index on element level CIelement). 

To weight different elements to their static and safety relevance it is necessary to introduce 
weight-factors which allow a functional assessment of each type of element. 
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1 INTRODUCTION 

During the last decades, focus has been put on inspection of the existing bridge stock and re-
lated condition assessment procedures. In many countries bridge management systems have 
been introduced. In parallel, recommendations for assessing the fatigue safety become in the in-
terest of many owners of old steel and iron bridges. Many of these bridges have their origin in 
the second half of the 19th and turn of the 20th century. With the rapid development of new ma-
terials and new calculation methods in these decades a lot of steel bridges were built, of which 
many are still in use today.  

The assessment of these bridges respectively the remaining fatigue life of its members is dif-
ficult to estimate. Effectively, the assessment of fatigue safety was not included in the design at 
the turn of the 19th to 20th century. Today, the old materials are not commonly known anymore. 
Often, especially for road bridges, the load history is not reported. Further, changes in the struc-
ture after repair or strengthening measures within the last hundred years may not be indicated in 
the drawings. Information may got lost during the two world wars. In several cases the loading 
of a bridge had to be increased drastically or even a new lane was added. In all these cases, a re-
assessment of fatigue is compulsory. 

The recommendations presented in this paper comprehend analyses methods for fatigue, old 
material identification and rehabilitation. Once the fatigue damage is recognized, targeted repair 
and strengthening measures can be decided. Consequently a clear definition of these tasks is in-
cluded by explaining the general applicability of the remedial measures to steel structures.  

For the traditional assessment of the structure, the current fatigue resistance and the remain-
ing fatigue life, knowledge on the load histogram is required, e.g. for damage accumulated from 
the past. If a crack is found or the load history is unknown, new methods are to be applied. One 

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

Bertram Kühn 
Verheyen Ingenieure GmbH & Co. KG, Bad Kreuznach, Germany 

Oliver Hechler 
Commercial Sections S.A., Technical Advisory, ArcelorMittal, Esch-sur-Alzette, Luxembourg 

ABSTRACT: More than half of the budget for the infrastructural development in Europe is 
nowadays invested in maintenance and modernization of the existing infrastructure. Thus, less 
than half of the budget is left for the extension and renewing of the infrastructure. Due to this 
fact, design engineer needs to know more than the rules and recommendations for the design of 
new structures - knowledge and experience in the assessment of existing structures is required, 
in particular in fatigue loaded structures with a limited design service life. As a consequence a 
working group has been created in 1993 within the framework of the ECCS Technical Commit-
tee 6 “Fatigue” in order to produce recommendations for the general practitioner and to prepare 
a draft of a future extension of the Eurocodes covering the assessment of existing steel struc-
tures. These recommendations have been published as a Joint Report [Kühn et al. 2008]. An 
overview of the content of this report is given in this paper. 
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potential method is the fracture mechanical approach (FMA). FMA is neglecting the crack ini-
tiation phase, which represents a high percentage of the whole fatigue life of a structure but fo-
cuses on the crack propagation phase only. Consequently with FMA the remaining fatigue life 
of the structure is determined leading to a save assessment even though the past load history is 
not known. Therefore FMA is additionally introduced in the recommendation. 

2 ASSESSMENT PROCEDURE 

2.1 Limitation 

The fatigue assessment of an existing structure results in a conclusion on the safety of the struc-
ture subjected to cyclic loading for a specified remaining fatigue life. The application of the rec-
ommendation presented herein is restricted to structures under normal environmental conditions 
and temperatures between -40 and 150°C. Assessment of structures exposed to fire is not con-
sidered. Assessment under low cycle fatigue, as during seismic activities, is either not included. 
Finally, the possibility to inspect the element to be assessed must be given. 

2.2 Fatigue assessment procedure 

For the fatigue assessment a step-by-step procedure is proposed. This procedure is based on a 
general procedure developed by the Joint Committee for Structural Safety (JCSS) [JCSS 2001], 
which has been enhanced with focus on existing steel bridges exposed to fatigue loading. If the 
assessment by this procedure proves a sufficient remaining fatigue life in one phases, the subse-
quent phases can be disregarded. The following phases for the assessment are proposed: 

I. Preliminary Evaluation: Removal of existing doubts about safety of the struc-
ture using fairly simple methods. Information from visual inspection, including 
e.g. information from Bridge Management Systems (BMS) and own inspection 
on site. The owner is informed by a first report. 

II. Detailed investigation: The engineer may need the help of specialised laborato-
ries and experts for assistance. Information on the structure and loadings are 
updated using specific tools as refined calculation models or more realistic traf-
fic loads. If the result is negative, further steps and remedial measures are to be 
proposed. The outcome is reported in a second report to the owner. 

III. Expert investigation: A refined static model is used for probabilistic evaluation 
and fracture mechanics for establishing final decisions. Measurements help to 
obtain refined data from the structure and about loading. Advanced NDT may 
be used in cross sections specified with the updated model. An expert report in-
forms the owner. 

IV. Remedial measures: Retrofitting of the structure to achieve fitness for purpose 
by using special measures such as intensified monitoring, reduction of loads, 
change in use, strengthening, repair or rehabilitation. A final report summarises 
the results of all working steps. All remedial measures, possible from the tech-
nical point of view are proposed. The report will give all information, which the 
owner of the structure needs for an economical decision about further measures.  

Often, the use of the step-by-step procedure leads to a significant extension of lifetime and to 
postpone investments in new bridges. It also clarifies, if a bridge is safe without any further 
measures or not sufficient anymore with the consequence of strengthening or demolishing. This 
proposed stepwise procedure, see Fig.1, aims on the identification of the best strategy for the 
optimal investment of life cycle costs.  
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Figure 1. Stepwise procedure for fatigue assessment [Kühn et al. 2008] 

 

For further information on each step of the fatigue assessment procedure reference is given to 
[Kühn et al. 2008]. 
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3 STRUCTURAL AND MATERIAL INFORMATION 

3.1 General 

To get information on the resistance of a structure, both, field measurements and/or material in-
vestigation are used to obtain the information directly from the structure itself. Data, character-
izing the old steel, design rules or connections between elements differ noticeably from nowa-
days standards. That is why, design, materials database, calculations and drawings as well as 
additional experiences have to be studied first. 

3.2 Identification of critical members 

Civil engineering structures are mainly large and complex physical systems consisting of many 
heterogeneous components. A detailed assessment of all components is economically and tech-
nologically not feasible. Therefore, the assessment has to be restricted to a limited number of 
components. Consequently, one major task prior to the assessment is the identification of the 
critical details to be focused. Critical details of the bridge are details of structural components 
having an outstanding damage risk (e.g. stress amplification). The general approach for the 
identification of critical members for riveted steel bridges is given in Fig 2. For further informa-
tion reference is given to [Hechler et. al. 2005]. 
 

 

 

 

 

      

 

 

 

                      

 

 

Yes

Structural analysis

Identification of 
members in tension 

Identification of members 
in compression 

Stability check OK  
⇒  no failure expected

Determination of risk of breakdown using  
fail-safe analysis methods for the members in tension 

Does the failure of the member lead to the 
breakdown resp. partial failure of the structure? 

No 

Fail-safe Critical member 

 
Figure 2. Identification of critical members [Hensen 1992] 
 

3.3 Material identification 

The most important material characteristics are: 
- Chemical characteristic values C, Si, Mn, P, S, N 
- Yield strength ReL, ReH (fy) 
- Tensile strength Rm (fu) 
- Fracture toughness expressed in KMat (KIc), JMat (JIc, Jcrit), ΔK, ΔKth 

 
which either can be determined in single material tests or, if a sufficiently large database is 
available, expressed as a statistical values (mean value and standard deviation). The direct de-
termination of the material properties using material tests always provides the member-specific 
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and thus the exact material properties. However, material tests should only be used in such 
cases, when statistically validated material characteristics, which are usually lower bound val-
ues, lead to overemphasized conservative results. Therefore material tests to be performed on 
samples taken from old steel bridges can be reduced to few cases [Langenberg 1995]. 

For riveted bridges of the 19th Century,wrought steel as well as mild steel were used. Chemi-
cal analyses or sulphur prints can identify wrought steel, also known as puddle iron, showing 
their characteristic lamellar microstructure consisting of ferrite matrix and slag layers. Research 
from the years 1990ff proved, that fatigue assessment using S/N-curves as well as fracture me-
chanic assessment are applicable.  

Mild steel has a totally different microstructure, which can be characterized by sulphuric seg-
regation in the sulphur print. For more information, reference is given to e.g. [Helmerich 2005, 
Blanchard et al. 1997, Sustainable Bridges 2007]. 

Specimens, taken from riveted bridges, are distinguished on the basis of their original produc-
tion method by means of chemical and/or metallographic analysis. A scheme for this characteri-
zation is presented in Table 3-2 of [Kühn et al. 2008] covering steels produced by the puddling 
process developed in 1784 or mild steels produced since 1855 by the Bessemer, Thomas or 
Siemens-Martin process, see Table 1. However, the values given in this table have to be under-
stood as tendencies due to the high scattering of the chemical analyses as well as the tension 
strengths. Other evaluation schemes are given in [Blanchard et al. 1997, Helmerich 2005, Mang 
et al. 1985]. 

 
Table 1. Information on commonly used producing processes 

 Cast iron Wrought steel 
(Puddle steel) 

Mild steel  
(19th century) 

Mild steel  
(20th century) 

Produced since 1709 (Abraham 
Darby I.) 

1784 (Henry Cort) Blast process 

1855 Bessemer steel (Henry Bessemer) 
1879 Thomas steel (Sidney G. Thomas) 

Hearth process 

1865 Siemens-Martin steel (Friedrich and   
  Wilhelm Siemens, Pierre and Emile   
  Martin) 

Produced till today ≈ 1900 ≈ 1900 Bessemer steel in steel structures 

≈ 1980 Thomas steel,  

≈ 1990  Siemens-Martin steel 

Producing 
process 

Re-melting pig 
iron by means 
of coke and 
cleaning 

1. Puddling process: 

Conversion of pig iron 
into steel by stirring in a 
pasty state carried out in 
a reverberatory furnace 
→ puddle balls 

2. Mechanical slag re-
moval and welding to-
gether of lumps of steel 
by means of a steam 
hammer or squeezer  
→ blooms 

3. In the following years 
further treatment by 
heating and rolling in a 
rolling mill  
→ muck bars 

Bessemer process 

Air-refining process in which low-phosphorus pig 
iron is converted into liquid steel in the Bessemer 
converter consisting of an acid lining by blowing 
air through the molten pig iron → excess carbon 
and impurities, such as silicon and manganese, 
are oxidized → acid Bessemer steel 

Thomas process 

Same process as Bessemer process but also for 
high-phosphorus pig iron which is possible by a 
basic lining based on dolomite (Thomas con-
verter) → basic Thomas steel 

Siemens-Martin process 

Allothermic hearth process, in which pig iron with 
or without steel scrap and/or iron ore is melted in 
the Siemens regenerative furnace → excess car-
bon and impurities are burnt out → basic Sie-
mens-Martin steel 
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A rapid development of different steel grades took place in the first three decades of the 20th 
century. Not all of them are considered in Table 1 (respectively Table 3-2 [Kühn et al. 2008]). 
Old steel structures may also contain of - through low-alloyed steel to high strength steel (not 
included in Table 3-2) - the following steels developed: chromium steel (since ~1860), nickel 
steel (since ~1908), high-carbon structural steel (since ~1923) and silicon steel (since ~1926) 
[Helmerich 2005, Stranghöner 2005]. If any doubts on the steel grade of the investigated steel 
structure are present, material tests are highly recommended especially with view on the 
strength, toughness and weldability. 

Furthermore, it has to be accounted for, that the quality of the steels themselves might be low, 
especially during the years of World War I (1914-1918), the great depression (1929-1939) and 
during and after World War II (1939-1950). Steel production had to be fast in these times, and 
expensive alloys were not available. Assessing a structure, built during one of these periods, 
material tests are strictly recommended. 

As additional information, for modern steels from the middle of the 20th century the Thomas 
process was replaced by the oxygen blowing process and further, to the end of the 20th century 
the Siemens-Martin process was replaced successively by the electric arc process. The excellent 
material properties of these steels are documented in e.g. [AMCS 2009]. 

Based on a statistical analysis (hypothesis testing) of the chemical and the microstructure 
properties of specimens from riveted bridges it is concluded, that the obtained data for the 
strength and toughness of wrought steel can be treated as a statistical homogenous population. 
The statistical distribution of the material strength has been derived from an amount of 205 tests 
at 0°C and 283 tests at -30°C from literature, see Table 2. 
 

Table 2. Mech. and chem.. properties of puddled iron and early mild steel (rimmed steel) based on tests 

Puddled iron Rimmed steel Test, Standard 

N/mm2 N/mm2 

Comment 

Tension test: EN 10002, part 1 Available tests (Σ > 600) 

Yield strength ReL 203 229 

Ultimate strength Rm   

Elongation ε   min ε            
max ε 

6.0 

26.5 

22 

42 

Specimen: 

min. diameter: 5 mm (B5) 

min. thickness: 4 mm (E4) 

Crack propagation tests, ASTM    

Paris parameter C max C           
min C 

4.9⋅10-17 (R=0.1) 

5.7⋅10-28 (R=0.5) 

0.5739⋅10-13 

Paris parameter 
m 

max m 

min m 

9.3 (R=0.5) 

3.8 (R=0.3) 

3.299 

Threshold of the cyclic stress  
intensity factor ΔKth [N/mm3/2] 

13.49 (R=0.1) 

6.36 (R= 0.5) 

6.2 (R= 0.3) 

Specimen: 

SENB3, CT, modified CT  

Proposed: 

Kth = 2 MPa m1/2 

C = 4⋅10-13,  
m = 3 (upper limit) 

Chemical analysis [%] 1) [%] available tests 

C 0.0032-0.15 0.026-0.20 

Si 0.003-0.42 0.001-0.013 

S 0.0034-0.018 0.063-0.176 

P 0.011-0.39 0.009-0.136 

N 0.0037-0.04 3) 0.011-0.022 

Mn 0.054-0.11 0.036-0.52 

1) only wet analysis possible 
3) if N is below the soluble 
limit (~ 0.014, aging effect 
is neglect able) 
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The results of the statistical evaluation of old steels (except wrought steel) can be summarized 
as follows: 

 

+10 °C ReL,5% = 229 N/mm² ≈ 230 N/mm² 
 

0 °C ReL,5% = 248 N/mm² ≈ 240 N/mm² 
 JMat, Modell, 5% = 30 N/mm 
 

-30 °C ReL,5% = 257 N/mm² ≈ 250 N/mm² 
 JMat, Modell, 5% = 17.5 N/mm  ≈ 17 N/mm 

For wrought steel a tension strength of ReL,5% = 203 N/mm² ≈ 200 N/mm² at +10 °C was found. 
 

3.4 S-N-curve determination using full-scale tests 

The assessment procedure of phase I refers to S-N-curves for the detail to be evaluated. Riveted 
details have been classified in the detail category 71 based on results of a great variety of full-
scale tests on original bridges and bridge elements from all over the world - this S-N-curve for 
detail category 71 is shown in Figure 3. For the fatigue assessment of existing welded steel 
structures, the detail categories given in Eurocode 3, part 1-9, should be used. Please note, crack 
growth values from tests for specific structures resulted in higher values, corresponding to detail 
category up to 90,  investigation of the real elements can increase the estimated fatigue life sig-
nificantly. 

 
Figure 3. S–N curve proposed for fatigue assessment of riveted structures 

 
Further, latest research results start the speculation about a differentiation of detail categories for 
riveted members [Taras et al. 2009]. 

3.5 Inspection 

The recommendations [Kühn et al. 2008] concentrate only on fatigue. Consequently, the infor-
mation about inspection, measurement and remedial measures are limited on possible damages 
caused by fatigue. 

The older the bridges are, the more a bridge accumulates partial damages from service load 
cycles. Depending on the type of structure different reasons may cause initial and fatigue dam-
ages to be evaluated during inspection. Initial damages can be caused 

- during fabrication, welding or riveting, 
- due to unfavorable design with regard on fatigue (poor detailing), 
- due  to stresses and deformations unforeseen in design, 
- or because the state of knowledge was too low. 

Fatigue limit: 29 N/mm2

CAFL: 52 N/mm2
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During visual inspection almost all damages are detected. Thus visual inspections are essential. 
In many countries, main inspections are performed all 5-6 years. Intermediate in the main in-
spection interval, some countries perform simple inspections or inspection due to special rea-
sons. The bridge owners, such as state highway agencies or railway owners, fix the require-
ments in inspection recommendations. During the last years, Non-Destructive Testing is being 
more and more applied. The recommendations presented in this paper cover the discussion on 
advantages and disadvantages for different applications. Table 3 shows available NDT methods 
proposed for old riveted structures to be applied in different levels of the assessment. 

 
Table 3. Non-destructive inspection tools for detection of fatigue damages 

Method Damage to be detected Comment on effectiveness of the equipment 

Visual inspection Surface cracks With help of magnifying glass and training 

Magnetic particle test Surface cracks Only for magnetic materials 

Dye penetration test Surface cracks Good alternative to magnetic particle test, also 
for non-magnetic materials 

Radiography Crack detection in sandwiched  
element 

Expert with permission required 

Ultrasonic test Only the first layer can be assessed Not applicable for puddle iron 

Eddy current technique Crack in rivet holes Not currently applied 

Acoustic emission  
technique 

Active cracks Not applied for detection (insufficient research), 
only for monitoring of detected cracks 

 

3.6 Measurements 

If a sufficient safety level cannot be shown by means of calculation, static and dynamic meas-
urements shall be performed. At this stage, the assessment is generally entering phase III and 
aims to get detailed information from the structure. Although, with good experience and guess 
valuable measurements are already possible in phase II. 

The objective of a measurement is always to gain information, either on the resistance or on 
the loading of the structure, in order to reduce the uncertainties associated with the static calcu-
lations made in design or in earlier fatigue assessment phases. 

Measurements are appropriate for the fatigue assessment, if e.g. 
- doubts about the acting static system are present,  
- effects not known during design occurred, 
- effects due to increased loads or additional lanes have to be assessed, 
- Secondary stresses, which caused fatigue damage, need to be identified. 

Table 3 gives an overview on physical dimensions to be measured and the related sensors to be 
used. 

Monitoring is a repeated collection of data of defined measuring points, to obtain information 
about changes in the system or loading during a chosen time interval. In general, measurements 
are used to obtain real information from  structures; for fatigue assessment relevant strain con-
centration regions with the minimum amount of sensors, e.g.: 

- Strain distribution at high loaded cross sections, 
- Critical elements, as anchors or braking trusses, 
- Evaluation of the actual zero axis, 
- Secondary stresses, 
- Moments in fixed supports or restraint, 
- Movement in bearings, 
- Measurement of strains in theoretical zero elements, 
- Local strain concentrations in connections assumed to be hinges/ joints. 
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Table 4. Measurement tasks and preferred sensors 

Measurement  task Preferred sensors Accuracy 

Local strain distribution in 
cross sections with assumed 
high stress level or cross sec-
tions with changes, caused by 
damages 

Strain gauges 

Mechanical strain measurements 

Fibre optical sensors (integral sen-
sors, Fabry-Perot sensors, Brag-grid 
sensors) 

2 μ 

 

0.5 – 1 μ depending on type of fibre sen-
sor and application 

Actual static system System of strain gauges, Dynamic 
measurement system 

 

Influence of temperatures Temperature sensor (resistance based) 

Termocouples (Semiconductors) 

∼0.1°C (depending on the max. tempera-
ture range) 

Inclination Inclinometer Depending on the chosen max. angle (see 
producer, ∼0.1) 

Displacements or settlement Potentiometer 

Inductive measurement 

Laser based system 

Hydrostatic leveling / force trans-
ducer 

0.1%, depending on displacement 

0.1%, depending on displacement 

0.3mm + influence of measured distance 

∼0.1%, depending on max. force 

Dynamic characteristics: Ac-
celeration Eigen 

Accelerometers 

Strain transducer 

0.05 – 1% depending on force 

4 REMEDIAL MEASURES 

In the recommendations presented remedial measures concentrate only on fatigue damages. Fa-
tigue damage appears as a fatigue crack in details with the highest sensitivity to fatigue. Design 
of remedial measures has to be done carefully, because the strengthening of a detail can lead to 
changes in notch details or load re-distribution. Consequently remedial measures may lead to 
additional fatigue sensitive details, if not smartly designed. 

The typical fatigue details differ between welded and riveted structure. If the reason for a fa-
tigue crack is identified, e.g. by calculations or by intensifying monitoring, then only a proper 
solution for remedial measure can be decided on. Remedial measures are: 

- Reducing loads, 
- Repair, 
- Strengthening, 
- Demolish structure. 

A collection of typical causes for fatigue damages and a collection of details known to be sensi-
tive to fatigue are presented in the recommnedation. Information about both, cracks in bridges, 
given by consulters and results from full scale fatigue testing, are taken into account and ana-
lyzed regarding their possible remedial measures. Fatigue damage causes for welded structures 
refer to the database of the working group 5 from the International institute of welding [IIW 
20009]. Fatigue causes for riveted structures are collected among the participating institutes. 

5 CASE STUDY 

The recommendations contain an annex with a case study, in which the typical fatigue assess-
ment procedure is exercised. 

The study deals with the assessment of a riveted single span bridge in Slovenia with two 
equal trusses as main girders. In 2000, after over 100 years of service, the assessment has been 
required as the bridge has reached the theoretically end of its design life. In this example, calcu-
lation was done for the diagonal element of the main truss, which has been identified to repre-
sent the most critical element regarding fatigue assessment. The first phase of the assessment 
has been based on information on number of trains and transported tons in the past and shows 
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using the damage accumulation approach, that no remaining fatigue life is present. Due to the 
fact, that the member chosen for the analysis is considered to be unsafe, further measures are 
necessary. The proposal of these measures has additionally been included in the example. 

6 CONCLUSIONS 

A step-by-step fatigue assessment procedure has been introduced, suitable to be applied by prac-
ticing engineers for the evaluation of old steel structures respectively bridges, exposed to dy-
namic loading. The proposed assessment procedure is divided into 4 phases. Consulting of ex-
perts, non-destructive testing methods, measurements and analyses of the material are assigned 
to different phases of the assessment. The procedure is designed to enable a practicing engineer 
to carry out the first phase of the assessment on his own and, upon the results, give advice to the 
owner. At the end of each phase, the owner has to take decisions based on a report which shall 
help him to identify the most efficient solution for the further use of the bridge. The proposed 
procedure is a milestone in knowledge transfer from scientific laboratory towards practicing en-
gineers. 
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1 INTRODUCTION 

Integral abutment bridges are bridges without any expansion joints, and their largest benefits are 
the lower construction and maintenance costs. The abutments are generally supported on a sin-
gle row of steel piles to provide the required flexibility for accommodating the longitudinal 
bridge movements due to daily and seasonal temperature variations. Such movements impose 
cyclic lateral displacements on the abutments, backfill and the steel piles. The magnitude of 
these cyclic displacements is a function of the level of temperature variation, type of the super-
structure material and the length of the bridge. 

The first bridges with integral abutments were built in the 1960’s in USA and in recent years 
this type of bridge has gained popularity in Europe, primarily in UK and the Scandinavian coun-
tries. The maximum span width as well as the maximum bridge length has been increasing 
through the years. The longest concrete bridge is 358 m, located on Tennessee State Route 50 
over Happy Hollow Creek. The longest steel girder integral bridge has a span of 318 m in the 
Colorado State (Hassiotis & Roman, 2005). It is obvious that countries such as USA, with de-
sign requirements more open towards new technologies, are encouraging implementation of in-
novative solutions even if they are not thoroughly examined. Although nationally accepted de-
sign specifications for integral bridges do not exist, each highway department is allowed to 
make decisions depending on their own expertise. 

In Sweden, the maximum and minimum characteristic temperatures, which statistically occur 
once in 50 years, are varying between +30ºC and +38ºC respectively -20ºC and -48ºC. This 
rather large temperature differences decreases the upper length limit compared to USA. Some 
states in USA allow plastic strains to be developed in the steel piles below the abutment back 
walls. 

Just a few bridges with integral abutments have been built in Sweden since the 1980’s. The 
main obstacle for wider acceptance of this type of bridges is a lack of recommendations for ra-
tional analysis and design. According to the Swedish code for bridges, BRO 2004 (Vägverket, 
2004), no plastic strains are allowed at serviceability limit state even if the critical section is at 
the top of a pile. Such high strain may occur due to seasonal temperature variation, a couple of 
time a year, and are limited at the very narrow region. These effects may cause low-cyclic fa-
tigue which will be thoroughly examined in an on-going RFCS (Research Fund for Coal and 

Monitoring of a bridge with integral abutments 

J. Eriksen, M. Veljkovic, & M. Nilsson 
Luleå University of Technology, Luleå, Sweden 

ABSTRACT: Preliminary results obtained from short term test-loading are used to illustrate 
possibilities of FEM used to calibrate complex interaction characteristics between a pile and soil 
in a bridge with integral abutments. The measurements are obtained during the winter season on 
the bridge over Leduån, in Northern Sweden. The bridge is built in 2006 and used for long term 
monitoring within the international project INTAB supported by RFCS. The main objective of 
the on-going research project is to propose recommendations for rational analysis and design of 
bridges with integral abutments. 
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Steel) project, INTAB- Economic and Durable Design of Composite Bridges with Integral 
Abutments, running in period 2005-2008. 

The first investigation focusing on development of rational design for steel piles was initiated 
at LTU in the late 1990´s where results are published in (Pétursson, 2000) and recently in (Tlus-
tochowicz, 2005), (Hällmark, 2006) and (Nilsson, 2008). The major complexity of the integral 
bridges is actually in the soil-structure interaction that requires the coordinated attention of both 
structural/bridge engineers and geotechnical engineers. A need for a multidisciplinary team in 
design practice is clearly identified and recommended for finding a most economical solution. 
The results presented in (Kerokoski, 2006) are used in the on-going project to achieve a rational 
methodology which is required to determine the maximum length limit for integral bridges. 

1.1 Bridge over the Leduån River 
In the end of 2005, the Swedish National Road Administration ordered an integral bridge as a 
part of a research and development program. The bridge would be continuously monitored by 
Luleå University of Technology during a period of 18 months. The researchers were involved in 
an early stage in order to make sure that the design of the bridge and the construction enabled 
continuously field measurements. 

The bridge was designed as a single span composite bridge with a span length of 40 m and a 
width of 5 m. Six vertical end bearing steel pipe piles, with the nominal dimensions Ø170x10, 
are supporting each abutment. At each support, one pile were prepared and equipped by LTU 
with strain gauges before installation. The soil surrounding is mainly silty fine sand to fine 
sandy silt. The abutments are designed with a shelf at the bottom, see Figure 1. This makes it 
possible for the piles to pass rather sheltered through the crushed stone used as erosion protec-
tion. The free distance between the piles and the concrete back wall is nominally 80 mm. The 
two meters of the piles below the bottom of the abutment were protected by a sheltering steel 
pipe, Ø600, filled with loose sand. The piles were also wrapped with Styrofoam sheets where 
they passed through the sheltering pipes. 

 

 
Figure 1. Piles are wrapped with Styrofoam. 

 
 
A conventional concrete bridge had also been designed as an alternative to the integral abut-

ment bridge. That design demanded an internal support in the river, including a more compli-
cated foundation work. The cost estimation for the integral abutment bridge showed that it in 
this case was economically superior compared to the conventional design. This cost estimation 
was made without taking the maintenance costs into account, which would have made the inte-
gral abutment bridge even more competitive.  
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The construction procedure from the foundation work to the finishing of the superstructure, can 
be described as followed: 
− The area where the piles shall be driven is excavated down to about 2 m below the abutment. 
− The piles are driven in accordance with the construction drawings. The tolerances in the lon-

gitudinal direction are set as ±100 mm. The piles have 12 m sections and are butt-welded in 
end-to-end connections. 

− The pile inclination and straightness are measured, and the results are forwarded to the 
bridge designer. 

− Sheltering piles, Ø600, are placed around the piles with the piles in the centre of the pipe. 
Piles are wrapped with Styrofoam sheets and loose sand is filled in the pipe. 

− The foundation work is then made up to the bottom level of the abutment. 
− The lower part of the abutment back walls is cast at the same time as the wing walls. 
− The supports below the wing walls are removed, resulting in a pile moment in the opposite 

direction of the moments acting on the finished structure. The moment from the wing walls 
can bee seen as a prestressing of the pile. 

− Steel girders are mounted on temporary steel bearings. 
− Bridge deck and the upper part of the abutment back walls are cast in an ordinary way. The 

concrete in the upper part of the back wall shall be cast last. 
− Pavement and rails are placed on the bridge. 

 

 
Figure 3. The bridge over the Leduån River 

2 THE ON-GOING RESEARCH AT LTU 

The main research activity is carried out within a European R&D project, INTAB-Economic 
and Durable Design of Composite Bridges with Integral Abutments, financially supported by 
RFCS and SBUF (Development Fund of the Swedish Construction Industry). There are two ma-
jor project objectives, a concept saving investment and maintenance costs. The project includes 
international comparisons, theoretical studies, in-situ and laboratory testing of bridges and the 
preparing for guidelines for design of such bridges. The major objectives of the project are the 
development of cost effective, environmental friendly and sustainable bridge structures. The 
project is focused on composite bridges and the improvement of their durability in order to 
make them even more competitive. 
 
The partners involved in the project are: 
− RWTH Aachen, Germany 
− University of Liège, Belgium 
− ProfilARBED, Luxembourg 
− Ramböll Sverige AB, Sweden 
− Luleå University of Technology, Sweden 
− Schmitt Stumpf Fruehauf und Partner, Germany as an associated partner 
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2.1 Monitoring program 
To gain knowledge about the overall behavior of the bridge a total of 34 measurements will be 
constantly recorded and stored in period of at least 15 months, starting from autumn of 2006. 
Strain-gauges were welded to the bridge girder and to the pile, as shown in Figure 4, Figure 5 
and Table 1. 

 

 
Figure 4. Position of long term monitoring gauges at the Leduån bridge. 

 

 
Figure 5. Measurements of the abutment rotation and its effect on the pile. 
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Table 1. Position of gauges at the end of the bridge.  
Notation Distance [mm] 

a 200 
b 1500 
c 356 
d 100 
e 100 
f 400 
g 500 
h 500 

 
Strains in the piles were measured at five different levels with the two strain-gauges at each 

level. The strain-gauges position was such that the maximum strains were measured. At the up-
per four levels, called N1-N4 and S1-S4, for the north and south side of the bridge respectively, 
the stored signal consists of the difference between two strain-gauges. Signals obtained from 
both pairs of strain-gauges; at the fifth level, N5 and S5, were stored separately. An estimation 
of the axial force in the pile was possible from the measurements at the fifth level. 

The movement of the abutment walls is measuring with level indicators, two at each side of 
the bridge. Their position is indicated by numbers 6 and 7 in Figure 4. The level indicators were 
placed in a vertical plane along the centre line of the bridge at a distance of 1.5 m. With known 
geometry of the abutment, rotation and displacement of the pile top is estimated from these 
measurements. 

Two strain-gages were welded at the steel girder, close to the south abutment, to get an indi-
cation of the moment constrained obtained at the bridge end. Strain-gages were placed at the 
upper and lower flange, pos. 8 and 9 respectively. Strain-gages were also welded to the upper 
and lower flanges at the mid-span of the bridge, pos. 10 and 11 for the estimation of the overall 
bridge behavior. 

Effects of temperature seasonal variation is very important effect that influence strains at the 
top of the pile. Therefore, the air temperature as well as temperatures at three positions of the 
bridge; on the upper flange, on the lower flange, in the concrete, position 10, 11 and 12 respec-
tively; were stored. 

2.2 Evaluation of the short term test-loading 
A lorry which has a mass of 24,4t has passed over the bridge at an average speed of 1m/s, which 
was used to obtain effects referred in the text as the short term test-loading. Similar loading has 
been done on four other occasions. Possible seasonal differences of the soil conditions and its 
material properties will be estimated from these measurements. The first short term test-loading 
was performed in January 2007. The air temperature at the bridge location was as low as -20oC 
in a period of a couple of days prior to the measurements. 

The pile top is embedded in the abutment wall. Therefore, the lateral displacement and the ro-
tation at the pile top are obtained from the measured rigid body movement of the abutment; pos. 
6 and 7. 

2.2.1 Measurements at the piles 
Results from the measurements obtained from one pile at the north and one pile from the south 
abutments shows similar pattern, after the lorry has passed over the bridge small strains, at the 
level of 10 micro strains, remains in the pile indicating an axial compressive force and a small 
curvature. These preliminary results indicate a good quality of measurements and expected be-
havior of the pile. Interpretation of the measurements is on-going work and a preliminary analy-
sis of the soil characteristic is given below. 

2.2.2 FE Model of the pile 
FEA is used to interpret the behaviour of the measurements. One of the parameters that are 
rather difficult to measure is the properties of the soil. This issue is indirectly estimated calibrat-
ing results of a rather simple 2D FE model with the measured data. The pile is modelled by 
beam elements, using elasto-plastic hardening material and von Mises yield criterion. The soil 
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influence is modelled by elastic two node spring elements. The spring elements connect the pile 
nodes to fixed reference points and provide only horizontal support. Totally 69 spring-elements 
were used, more tightly distributed at the top of the pile, where changes of the slopes occur. The 
distances between the springs are in a range between 0.05 m to 0.15 m. Every spring has a par-
ticular property allocated to produce a reaction force equivalent to a soil layer centred at the 
point of connection.  

Recommendations from the Swedish bridge code (Vägverket, 2004) are used in the design for 
the definition of the spring stiffness. The spring stiffness, k, is then: 

sdkAkk kspringk ⋅⋅=⋅=  (1) 

Where ASpring is the projected pile-soil contact area related to one spring, d is the pile outer 
diameter, and s the distance between two springs, kk [MN/m3] is the sub grade reaction modulus 
at the depth z. For friction type soil, no difference is made between short term and long term 
stiffness and the subgrade reaction modulus is given by: 

d
zn

k h
k

⋅
=  (2) 

The constant of sub grade reaction modulus, nh [MN/m3], can be found in a table. According 
to geotechnical analysis, the soil surrounding the piles is sand with a very low consistency. Thus 
nh is taken as: 

 
− 2,5 MN/m3 above the ground water level 
− 1,5 MN/m3 below the ground water level 
 

In the considered soil model, the soil stiffness increases linearly with the depth until a maxi-
mum value of the product kk.d is reached and it then remains constant. For sand with a very low 
consistency, these limits are, (kk.d)max: 

 
− 4,28 MN/m2 above the ground water level 
− 2,57 MN/m2 below the ground water level 

 
In a process of calibration the FE model, the characteristic soil properties were considered. 

The ground water level is supposed to be at the top of the pile. The depth at which the stiffness 
stops increasing and remains constant can be derived from kk.d and nh: 
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28.4
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=  (3) 

and the corresponding stiffness is: 

sdkk xc ⋅⋅= max)(  (4) 

Results of FE calculations with soil properties used for design according to (Vägverket, 2004) 
gives lower strains than those measured on site. FEA indicates a higher curvature that must be 
due to a stronger lateral support of the pile from the surrounding soil. It is important to notice 
that the short term test-loading was performed in winter as temperatures were very close to the 
minimal and the soil was probably frozen. It is know from (Kerokoski, 2006) that the soil stiff-
ness may be increased approximately by a factor 30 compared to unfrozen soil below ground 
water level. 

For the northern pile the results of FEA fit the measurements best for a soil with a constant 
stiffness 20 to 30 times higher than that of the unfrozen soil below the ground water down to a 
depth of 2m. Below that level the characteristic soil of the norm is used. The behavior of the 
southern pile is different. The soil parameters appear to be higher only by factor 5 to 10. 

The results of the monitoring collected from measuring places at the bridge girders will be 
compared to the complete bridge model results. A 3D FE model is currently under construction, 
which will be presented in another paper. 
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3 CONCLUSIONS 

The preliminary results obtained from the monitoring of the Leduån Bridge indicate that a rather 
simple FE model, suitable for design practice, may be used to calibrate unknown parameters of 
the soil under traffic load. Results from the measurements, obtained in January 2007, indicates 
stronger stiffness of the soil in a range between 10 to 20 times more compare to stiffness of an 
unfrozen soil. The strains from the bending moment in the piles caused by the traffic load of the 
24t lorry are very low, where the maximum strain measured was about 60 micro strains.  
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1 INTRODUCTION 
 
Concrete structures exposed to outdoor climate are deteriorated by several different degradation 
mechanisms, whose progress depend on many structural, exposure and material factors. Under 
European outdoor climate the frost damage of concrete together with corrosion of reinforcing 
steel is the major degradation mechanism that causes the need to repair of concrete facades and 
balconies. 

The condition investigation of a building or a structure is an essential part of its maintenance. 
The condition of a structure governs for example the range of the repair options available in the 
maintenance or repair as well as the costs to be expected. The wide variation in the states of 
degradation of concrete structures, and the fact that the most significant deterioration is not visi-
ble until it has progressed very far, necessitate thorough condition investigation at most concrete 
structure repair sites. Evaluation of reinforcement corrosion and the degree of frost damage suf-
fered by concrete are examples of such investigations. 
Condition investigation systematic for concrete facades and balconies has been developed in 
Finland since the mid-1980s. The following is based on the authors' experiences from about 150 
condition investigations of concrete buildings, long-continued development of condition inves-
tigation systematic and Finnish national condition investigation instructions (Anon. 2002). 
 
 

Systematic condition investigation of concrete buildings 

J.M. Lahdensivu & J.S. Mattila 
Tampere University of Technology, Tampere, Finland 

ABSTRACT: To determine the condition of a concrete building or a structure by an investiga-
tion periodically during its lifespan is an essential part of proper maintenance. The repair meth-
ods of concrete facades and balconies are selected primarily on the basis of the technical condi-
tion 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 or maintenance need and safety of structures. To achieve that, the 
deterioration and performance defects of structures need to be established. Concrete facades and 
balconies can be subject to several types of deterioration. This requires establishing the exis-
tence, scope, location, degree, impacts and future progress of deterioration in each case. 

The large variation in the level of deterioration between different buildings and structural 
parts, and the fact that the most significant damage is not visible until it has progressed quite far, 
make a thorough condition investigation necessary in all repair projects. 
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2 AIM OF CONDITION INVESTIGATION 
 
The basic aim of the condition investigation is to produce information about the factors affect-
ing the condition and the performance of the structure and consequently about the need and the 
options for repair for the owner of the building or structure.  
Damage to structures, its degree and extent, due to various degradation phenomena can be de-
termined by a comprehensive systematic condition investigation. A condition investigation in-
volves systematic determination of the condition and performance of a structural element or an 
aggregate of structural elements (e.g. a facade or balcony) and their repair need with respect to 
different degradation mechanisms by various research methods such as examining design 
documents, various field measurements and investigations and sampling and laboratory tests. 

3 CONDITION INVESTIGATION PROCEDURE 
 
In systematic condition investigation there is six different phases: 

- Determining the structures and materials 
- Evaluation of potential degradation mechanisms 
- Evaluation of requirements from maintenance or repair methods 
- Gathering the information 
- Analysis 
- Report. 

 
The phases are not totally separate and successive, but rather partly overlapping. The basic idea 
is to get parallel information from many different sources concerning all possible different deg-
radation mechanisms in the facade or balcony to be investigated. 

3.1 Determining the structures and materials 
The first phase of the condition investigation is to study what kind of structure or structures are 
under investigation. This means knowing what kind of a structural system the object has and 
what are the materials it has been constructed of. It is self-evident that no successful investiga-
tion can be carried out if the investigator does not know the type and the nature of the object. It 
is clear that the person who does the investigation work has to possess wide experience about 
the behavior of structures he is working with. 

The information concerning the structures and materials in them can be gathered from origi-
nal construction documents. Examination of design documents can provide basic information 
about the degradation risk of concrete structures. They are studied for information about the 
quality of the concrete used in the investigated structures such as strength, density, air-
entrainment, etc., amount of reinforcement and also dimensions and location of steelbars. The 
moisture performance of the structure and connections of structural members are also evaluated 
based on moisture stress, drying possibilities and the thermal flow through it. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Typical reinforcement in outer layer of a Finnish concrete façade element. 
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Naturally, as far as the documents are concerned, it has to be taken into account that the struc-
tures have not necessarily been constructed exactly according to the documents. In certain cases 
the dissimilarity between the structure and the document of it may be remarkable. 

It is also important that different types and parts of structures as well as structures in different 
exposure conditions are both distinguished from each other and that they are also investigated as 
separate groups of objects. A fairly common error is to examine only some part of the building, 
for example concrete facade panels, and then generalize the conclusions to apply also to the 
other parts of the structure, for example to the concrete balconies in the facade. It is important to 
realise that the results apply only to the structure which they have been obtained from. How-
ever, the results between separate groups can be utilised so that if there are no defects in the 
structures under intense exposure conditions, there probably will not be any in the lighter condi-
tions either. 

3.2 Evaluation of potential degradation mechanisms 
The second phase of condition investigation is to recognise the problems that may exist in the 
structure. This is considered on the basis of the type of structure and materials used in it as well 
as the exposure conditions of the structure. The potential problems may be caused either by dif-
ferent kinds of deterioration mechanisms or by malfunction of structures, for example problems 
with moisture. A list of problems and ways of malfunction for example in a concrete panel fa-
cade may be as follows: 
- reinforcement corrosion due to carbonation of concrete cover or due to chlorides in concrete, 
- disintegration of concrete due to freeze-thaw exposure, formation of late ettringite or alkali-

aggregate reactions, 
- decrease in the bearing capacity of structural members or weakening of fixings or ties in a 

structure (for example weakening of the ties in sandwich panels due to corrosion), 
- malfunction in the moisture behavior of the structure including defects in joints, malfunction 

of the ventilation inside the structure, etc. 
- defects in paints and coatings, 
- defects in facade tilings (ceramic, clay brick or natural stone tiles)  
- harmful cracking or deformations in concrete, 
- defects due to the use of the structure (for example normal wearing). 

 
All the degradation mechanisms and types of malfunction have to be considered at least to some 
extent when aiming at a reliable condition investigation. It is important to notice that the items 
to be investigated vary widely between different investigation cases, and no fixed set of investi-
gation measures can be used. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Far advanced and wide spread frost damage in concrete façade panels. This kind of strong 
warping together with frost damage may lead weakening of façade panels fixings. 
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The mutual importance and the combined effects of different deterioration mechanisms should 
also be evaluated carefully. It is self-evident that the factors related to the bearing capacity and 
safety of fixings are the most important items to be investigated. Actually, the deterioration 
mechanisms can be divided fairly clearly into three categories on the basis of their importance. 
The following example is related to concrete panel facades. 

 
Category I: Factors related to the safety and health (most important) 
- structural condition of bearing structural members, fixings and ties, etc., 
- deterioration which can cause danger due to pieces falling down from structures (reinforce-

ment corrosion, disintegration of concrete and defects in the bond of facade tilings), 
- problems with moisture causing moisture defects inside the house and consequent problems 

for the health of the residents,  
- asbestos in the materials to be demolished or removed (usually in paints and coatings). 

 
Category II: Factors related to the successful selection of the repair techniques (important) 
- structural condition of bearing structural members, fixings and ties, etc., 
- reinforcement corrosion (the reason for corrosion and the extent of the corrosion damage ex-

pected during the next maintenance period), 
- disintegration of concrete (the degree, the extent of and the reasons for disintegration). 

 
Category III: Other factors (less important) 
- visual condition of paints and coatings, 
- other aesthetical factors. 

3.3 Evaluation of requirements from potential maintenance and repair methods 
The third phase of a condition investigation is to consider the feasible techniques for the main-
tenance and repair of the structure. This is important to do as early as possible because different 
remedial techniques require different amount and type of information of the structure to be re-
paired. Obviously the investigator must thoroughly understand the degradation mechanisms, de-
fects and deficiencies of the structures to be investigated. He also must have sufficient knowl-
edge about repair and maintenance methods at issue. 

It is useful to realise that in most cases there is a wide range of options for maintenance and 
repair of structures ranging from doing nothing to the demolition and reconstruction of the 
structure. The technical and economical comparison between the options is extremely difficult 
in most cases. 
 A possible selection of repair methods as an example in the case of concrete panel facade is 
as follows: 
1. Doing nothing (nearly always possible at least for a while) 
2. Repair by standard painting or by using special protective coatings 
3. Careful patch repair by cementitious repair mortars 
4. Shotcreting 
5. Cladding and additional thermal insulation 
6. Realkalisation 
7. Cathodic protection 
8. Demolition and reconstruction. 

 
Usually, the final repair is naturally a combination of these options.  

These alternative measures have to be also re-evaluated from time to time during the investi-
gation process always whenever new information about the condition and the need of repair be-
comes available. It is possible that on the basis of new information about the condition some 
lighter repair techniques and simultaneously some investigation measures needed for evaluation 
of feasibility of these techniques can be excluded. 

 
 
 
 

186



 
 
 
 
 

 
 
 
 
 

 
Figure 3. If the concrete structure to be investigated has far advanced and wide spread corrosion or frost 
damage, usually there is no need to any accurate investigations. In those cases the most important thing is 
to find out, is the structure safe and how long.  

3.4 Gathering the information concerning malfunction or degradation of structures 
The fourth phase of the investigation is to gather objective information concerning the deteriora-
tion processes and malfunction of the structure. The list of the items to be investigated was 
formed already when making list of potential problems.  

The information should be gathered so that each type of structure and each type of problem 
are treated as separate groups. The information for every group can be gathered usually by four 
ways as follows:  
1. By studying the construction documents which gives information mostly concerning the vul-

nerability of the structures. Attention should be paid: 
- material quality (concrete, reinforcement, connections etc.) 
- thickness of concrete structure (façade panel, balcony parapet etc.) 
- amount and diameter of reinforcement (see fig. 1) 
- required cover depth of steelbars 
- direction of casting 
- age of the structure 
- bonds and joints of structural members. 

 
2. By visual inspection which gives information of the minimum extent of the damage (all the 

damage is not visible): 
- amount, location and degree of visible damage (corrosion, frost damage, cracking, surface 

finishes etc.) 
- cover depths in corrosion damaged spots 
- amount and width of cracks on concrete surfaces 

 - estimation of practical stress level of investigated structures under real natural conditions 
 - malfunction of bonds, joints, flashings and water drainage systems. 
 
3. By various kinds of in-situ tests and measurements 
 - cover depths of reinforcement 
 - carbonation depths of concrete 
 - potentials of reinforcement 
 - sampling for laboratory tests. 
 
4. By taking samples and by various kinds of laboratory tests 

- chloride content of concrete 
- frost resistance of concrete (protective pore test, freeze-thaw test and thin section analy-

sis) 
- frost damage of concrete (thin section analysis and tensile strength test) 
- type of paintings 
- detrimental harmful materials or micro-organisms. 
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The gathering of information should be done representatively and statistically reliably. A lot of 
attention should be paid to the sampling i.e. to the selection of the spots where the measure-
ments are taken and to the number of parallel measurements taken from apparently similar 
spots. It is useful to notice that variation of many factors affecting the condition is often wide 
and therefore wrong conclusions can be drawn easily if too few measurements are taken. This 
applies for example to the cover depths of reinforcement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Example of sampling areas for cover depth measurements of reinforcement and places of drilled 
samples for laboratory tests. 
 
It is important that as many different methods as possible should be used in examining each 
separate problem in order to improve the reliability of the results. In table 1 is compared suit-
ability of different test methods for assessing frost damage in concrete. 
 
Table 1. Usefulness of different test methods for assessing frost damage in concrete. 
RESEARCH 
METHOD 

Visual in-
spection on 
site 

Hammering Visual in-
spection of 
samples 

Tensile 
strength test 

Thin section 
analysis 

Detectable degree 
of degradation 

Very far ad-
vanced deg-
radation 

Far advanced 
degradation 

Advanced 
degradation 

Early stage of 
degradation 

Incipient deg-
radation 

Representative-
ness 

Wide Quite wide Spotty Spotty Spotty 

Reliability Low Reasonable Reasonable Good Very good 
Work input re-
quired 

Little Moderate 
amount 

Large Large Very large 

Costs Very cheap Cheap Cheap 
(samples for 
other tests) 

Moderate High 

3.5 Analysis of gathered data 
The fifth phase of the investigation is to analyse carefully the information gathered during the 
earlier phases. It is important to notice that the measured values and other observations gathered 
during the investigation process are not the actual results of the investigation, but an analysis to 
produce the results is always needed.  
 Research data produced by different field and laboratory measurement and investigation 
methods should collect together and must be analysed carefully, so that the condition and repair 
need of each structure groups can be determined. 

It is important to analyse all degradation mechanisms separately, because the existence, ex-
tent, degree and reasons for different types of degradation are examined as factors governing the 
condition of each structure group. Then, the impact of degradation on the structure's perform-
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ance (e.g. safety), the propagation of degradation, suitable repair methods, and recommended 
schedule of repairs can be assessed.  

Practically, the analysis means seeking answers to the following six questions:  
1. What kind of problems exists in the structures? 
2. What is the extent of each type of damage and malfunction? 
3. What is the stage of each damage and malfunction? 
4. What are the reasons for the problems noticed? 
5. What kind of effects may the problems have on the structure itself or on the users of the 

building? 
6. How will the damage or malfunction proceed in the future?  
 
The final results can be settled on the basis of the answers to these six questions. Naturally all 
conclusions concerning condition of examined concrete structure must be clearly based on col-
lected factual information. 

3.6 Condition investigation report 
The sixth and the most important phase is to prepare a written report in which the results are 
presented for the client. The report should not consist only of measured values etc. but rather of 
practical conclusions concerning the alternative practical measures for the client to manage with 
the structure. There are usually several options for maintenance and repair, and all these meth-
ods should be evaluated shortly in the report. 

4 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 façade and building. 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 vis-
ual observations on site, by various field research methods and by sampling and laboratory tests. 
 The wide variation in the states of degradation of buildings, and the fact that the most sig-
nificant deterioration is not visible until it has progressed very far, necessitate thorough condi-
tion investigation at most concrete-structure repair sites. Evaluation of reinforcement corrosion 
and the degree of frost damage suffered by concrete are examples of such investigations. 

5 CONCLUDING REMARKS 

The aim of buildings condition investigations is to provide the property owner and designers in-
formation to help them decide on the repair needs and possibilities of facades and balconies and 
to select the repair methods best suited for each facility. The content of the condition investiga-
tion must be such that set goals are met. Generally, a condition investigation is made to deter-
mine the remaining service life of examined structures, their need of repair and safety. To 
achieve that, the investigation must reveal any damage to structures and defects in their per-
formance. This requires determining the existence of damage, its extent, location, degree, im-
pacts and future propagation by damage types. 
 The procedure described consists of rather simple phases which are quite easy to perform. 
The point of it is in the way how the simple parts are connected together into a systematic pro-
cedure to find appropriate solutions for the questions presented by the client. 

All the requirements of selection of repair method have not the same value. The repair meth-
ods are selected primarily on the basis of the technical condition of the structure. The one that 
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best meets the architectural and financial criteria of the project is then selected from among 
those that meet the technical requirements. In figure 5 it has been shown the principles of selec-
tion of repair method. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Different factors which has influence on decision of repair method. 
 

The technical condition of concrete building and the service life which the structural members 
have left can be found by systematic condition investigation. The information on the deteriora-
tion 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 investiga-
tor must be highly knowledgeable about degradation mechanisms and the repair methods for 
concrete facades and balconies and the demands on them.  

A condition investigation allows evaluating the remaining service life of structures. 
This involves assessing the service life of a damaged structure which the generally used 
service-life models normally do not do. Based on the results of the condition investiga-
tion, the impacts of degradation can be estimated and the occurrence of future damage 
predicted when no visible damage yet exists.  
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1 INFRASTRUCTURE / BRIDGES IN GERMANY – GENERAL INFORMATION 

1.1 Motorways and state roads 

The length of motorway and state roads in Germany exceeds 50,000 km. The number of bridges 
on these roads is about 35,000. According to statistics short span bridges up to 30m are the most 
frequent category with a majority built of concrete [P629]. In Figure 1 the span distribution to 
these bridges is given; Figure 2 shows the share of materials used for these bridges. The average 
age for these bridge constructions is about 40 to 50 years. 

L = 2-5 m
17%

L = 5-30 m
49%

L = 30-50 m
15%

L = 50-100 m
12%

L > 100 m
7%

 

Concrete brigdes
55%

Composite 
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Steel bridges
5%

Prestressed 
concrete bridges

38%

 
Figure 1. Distribution of bridge span (based on 
the number of bridges) [P629] 

Figure 2. Distribution of type of bridges (based on 
the number of bridges) [P629] 

 
Bridges are to be designed for 100 years [DIN FB 101]. Thus the design life of bridges is ex-

tending by far the general service life of German road bridges, specified above. In some cases 
the material deterioration leads to the economical decision for reconstruction. This is especially 
the case for concrete bridges from the 60ies, 70ies and 80ies, demanding investments of mainte-
nance due to missing experience in design and construction. However, in most cases, the chang-
ing demands resulting from the introduction of new types of vehicles respectively higher axial 

Deconstruction of bridges  

O. Hechler & G. Hauf 
ArcelorMittal, Commercial Sections S.A., Luxembourg & 
Institute of Structural Design, University Stuttgart, Germany 

ABSTRACT: Due to the increasing traffic and loads on streets and motorways more and more 
old bridges reach their bearing capacity / end of lifetime and have to be replaced by new bridge 
constructions with higher load capacity. In Germany the requirement of the replacement of 
bridges is estimated up to several billion Euros in the next few years. Hereby especially the de-
construction and subsequent reconstruction process with mostly severe site constraints are of 
major importance. In this paper, examples of different bridge types and their deconstruction are 
presented. The focus is on the technical deconstruction and the environmental influence of the 
impact. 
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loads [NAUMANN] finally require the reconstruction of the bridge or replacement of the deck 
as the increased capacity requires often a deck widening for the carried traffic, or a longer span 
for the traffic to be bridged. 

 
Therefore a huge amount of bridges is expected to be replaced by new constructions in the 

next ten years in Germany. In addition to large investments also the impact for the environment, 
a large consumption of resources, is considerable, as the following examples will show. There-
fore opportunities for the demolition and reconstruction of bridges which give an answer to the 
infrastructural demand while being fully consistent with the various aspects of sustainability 
goals need to be reviewed – the aspects of sustainability for deconstruction are given in the fol-
lowing chapter. 
 
2 ASPECTS OF SUSTAINABILITY FOR DECONSTRUCTION 

2.1 General 

The aspects of sustainability are divided in two parts; first, the deconstruction process itself with 
its impact on the environment and second, aspects concerning deconstruction materials. 

2.2 Demolition and deconstruction process 

The demolition respectively deconstruction process of bridges has to be well planned to mini-
mize the risks of: 

- causing damage to persons and properties of the public, 
- endangering the health and safety of site personnel and 
- damaging the neighborhood environment [HKBD]. 

 
Damage to persons and properties of the public needs to be strictly avoided. Consequently 

suitable hoarding may be required to be erected to enclose the site during demolition and scaf-
fold erected along the frontage abutting the highway and other such places as may be required. 
Also safety measures for site access need to be considered. A person carrying on demolition op-
erations should make sure that the construction which is partly demolished (and the site thereof) 
is so far as is reasonably practicable, properly secured or closed against entry at all times. 

 
The health and safety of site personnel should be assured during the whole deconstruction 

process. Next to job safety trainings of deconstruction workers the communication on the demo-
lition planning to the workers is essential. Apart from the training the equipment, protection and 
site installation need to be appropriate for the demolition works. Appropriate insurances need to 
be provided. 

 
The damaging to the neighborhood environment includes: 

- Air pollution 
Concrete breaking, handling of debris and hauling process are main sources of dust 
from demolition. Dust mitigation measures complying with the Air Pollution Control 
(Construction Dust) Regulations of the specific country shall be adopted to minimize 
dust emissions. Burning of waste shall not be allowed. Diesel fumes generated by me-
chanical plant or equipment shall be subject to the control of the Air Pollution Control 
(Smoke) Regulations. 
 

- Noise 
Noise pollution arising from the demolition works including, but not limited to, the use 
of specified powered mechanical equipment (SPME), powered mechanical equipment 
(PME), such as pneumatic breakers, excavators and generators, etc., scaffolding, erec-
tion of temporary works, loading and transportation of debris, etc. affects the workers, 
and the sensitive receivers in the vicinity of the demolition site. Silent type PME shall 
be used to reduce noise impact as much as practicable. Demolition activity shall not be 
performed within the restricted hours as established. 
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- Water 

The discharge of wastewater from demolition sites requires a valid discharge license. 
Effluent shall be treated to the standards as stipulated in the licence before discharge. 
The demolition contractor shall maintain proper control of temporary water supply and 
an effective temporary drainage system. 
 

- Hazardous Materials 
Of course measures have to be taken to avoid the escape of hazardous materials in the 
environment as dust or suspensions. 
 

- Traffic disturbance 
Deconstruction needs to take place without essential interference to the traffic under the 
bridge. First, the increase in accident potential has to be addressed, which however is 
controlled due to adequate traffic control measures. Further the user costs due to decon-
struction have to be considered. They represent the public damage due to loss in time, 
route diversions and changed accidental volume for roads and the costs for operation in-
terference for railways. They can multiply the deconstruction costs to a greater extend if 
the economical loss due to traffic interference by e.g. traffic jams are taken into account. 
Therefore temporary closures of lanes may e.g. be considered for night work only. 

 
Of course, the main goal of demolition and deconstruction is to reduce all impacts to the envi-

ronment - the waste from deconstruction incorporates generally the major impact. Thus in the 
following, the focus is put on the construction and demolition waste. 

2.3 The reduction of construction and demolition waste 

Opportunities for reducing construction and demolition waste focus on three approaches, typi-
cally expressed as Reduce–Reuse–Recycle [DDC].  
 

Reducing waste, the first approach, yields the greatest environmental benefits. Using less ma-
terial costs less, reduces pollution from its manufacture and transportation, saves energy and 
water, and keeps material out of landfills. Waste reduction should be the top priority in waste 
management plans. Therefore economic and sophisticated bridge design concepts are required, 
e.g. presented in [AMCS]. 

 
Reusing, the second approach, extends the life of existing materials and decreases the new re-

sources needed. Of course, entire construction can be reused, e.g. through rehabilitation respec-
tively strengthening, whether for the same or new use, saving both resources and money. The 
reuse or salvage of bridge components, common in historic renovations, is being extended to 
non-decorative elements. This approach can be pushed further by not assuming that new always 
performs better. And as a long-term approach, designing bridges to easily be adapted to future 
demands is an excellent and sometimes overlooked strategy to prevent future waste. 

 
Recycling, the third approach again conserves resources and diverts materials from landfills. 

Demolition and renovation projects, present numerous opportunities for recycling. The most 
sustainable form of recycling converts waste into new products, such as scrap to new steel or 
asphalt into new paving. Additionally, finding alternative uses for waste is a form of recycling. 
Inert waste, such as concrete and brick, can be crushed and used as alternative daily cover for 
municipal landfills, substituting for dirt, or wood scrap can be burned as boiler fuel. 
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3 CONSTRUCTION AND DEMOLITION WASTE 

3.1 Types of construction and demolition waste 

Wastes are defined as residue, substances or materials, generated by the production, transforma-
tion or usage which have been or are planed to be abandoned. Final waste is a waste, which is 
not treated anymore – e.g. in France only final waste can be landfilled [FRANCE]. 
 

The aspect concerning the construction and demolition waste (C&D wate) includes concrete, 
stones and dirt generated during excavation (sometimes collectively referred to as “fill material” 
or rubble), as well as asphalt, wood (treated, painted and clean), metal (ferrous and non-ferrous), 
and miscellaneous materials [DDC].  

 
The deconstruction materials are generally considered as waste. During construction, renova-

tion and demolition activities, you may produce one or more of the following types of residuals: 
− Clean fill, 
− Recovered materials, 
− Regulated construction and demolition waste, 
− Hazardous materials and hazardous wastes (e.g. asbestos-containing materials). 
 

Clean fill e.g. is uncontaminated soil, rock, sand, gravel, concrete, asphaltic concrete, cinder 
blocks, brick, minimal amounts of wood and metal and inert (non-reactive) solids. When speci-
fied to be uncontaminated by e.g. metal-based paints including lead and other heavy metals 
these materials can directly be used for fill, reclamation or other beneficial use. 

 
Recovered Materials are those removed for reuse and those removed to be recycled into new 

products. Potentially recyclable construction and demolition wastes may include scrap metals, 
asphalt shingles, sheet rock, lumber, glass and electrical wire. 

 
Regulated construction and demolition wastes are those not classified as clean fill and not be-

ing reused or recycled. Regulated non-hazardous construction and demolition wastes must be 
disposed of at a permitted landfill or transfer station. 

 
The common hazardous materials and hazardous wastes are mainly lead-based paint and As-

bestos, although you may find a variety of hazardous materials in old construction. Also, lead-
based paint is still manufactured and sold for corrosion or rust inhibition on steel structures. 
Hazardous wastes must be managed, transported and disposed. This may require the generator 
to send paint residue to a permitted hazardous waste disposal facility. In some cases, a lead 
smelter may accept lead-based paints for use in its lead production processes. If laboratory 
analysis shows that the paint residue is non-hazardous, it must be disposed of at a sanitary land-
fill as “special waste.” Paint residue may not be disposed of in a demolition landfill. 

 
The construction and demolition waste industry operates in an environment where commod-

ity prices (i.e., metal, paper, fuel, etc.) and competing landfill disposal costs constantly change, 
making it difficult to provide accurate information about recycling rates and costs. This also 
prevents one from suggesting a “typical” approach. However recycling targets have been de-
fined by European law [2006/12/CE]: On the horizon 2020 reuse and recycling of non danger-
ous construction wastes must be higher than 70%, by weight. 

 
Source separation generally yields the highest recycling rate and the best price for materials 

[DDC]. The contractor locates separate containers on the job-site, sorting out recyclable materi-
als as they are collected, and delivering each container to the processor when full. The best op-
portunities for source separation tend to occur during the demolition and excavation phases of a 
project, when more C&D waste is generated and one contractor is scheduling the work. Addi-
tionally, demolition and excavation work can generate relatively homogenous waste streams. 
For example, asphalt millings may be generated as a single material stream. During excavation, 
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containers of “clean fill” may be generated. There may be opportunities for onsite segregation 
of metal or for the grinding, screening and reuse of concrete. 

 
For those sites that can accommodate source separating of materials, a number of facilities 

that accept segregated streams generally exist in the perimeter. For example, scrap yards accept 
only metal, and “clean fill” processors accept only concrete, dirt and other inert materials. These 
facilities recycle virtually 100% of the material they handle, and their fees for accepting segre-
gated materials are much lower than those charged by mixed C&D processors. 

4 DECONSTRUCTION OF BRIDGES – EXAMPLES 

4.1 Presented Examples for the deconstruction of bridges 

In the following paper two examples for the deconstruction of motorway bridges will be pre-
sented. The first one is a concrete highway bridge near Mannheim (Southwest Germany) and 
the second example is a suspended steel arch deck bridge near Augsburg (South Germany). Due 
to the span and size of the superstructure these two examples show the difficulties and efforts 
for the deconstruction. Further the successful consideration of the goals for deconstruction are 
outlined. 

4.2 Neckarbrücke AK Viernheim BAB 6 near Mannheim 

The original bridge was built in 1934/1935 and had a total span of 400m with 6 arches of single 
spans between 49.5 and 66.45m (Figure 3). The bridge consisted out of two superstructures for 
each driving direction. The last arch of both superstructures was spanned over the canalized and 
navigable Neckar.  

 
Due to upgrading of the four-lane to a six-lane motorway the replacement of the bridges has 

been necessary. It has been decided to keep the concept of separate superstructures for each 
driving diredtion. To minimize the traffic impact on the highway the following reconstruction 
steps has been chosen: 

1) Construction of the first separate superstructure next to the existing bridge, 
2) Bypass of the traffic from the original bridge over the new superstructure, 
3) Deconstruction of the original bridge, 
4) Construction of the second new superstructure. 
 

 
Figure 3. Old bridge “Neckarbrücke” before deconstruction 
 

For the deconstruction several conditions had to be considered. In transverse direction under 
the existing bridges a gas-pipeline and the new superstructure were not allowed to move or to be 
damaged during the deconstruction time. The Neckar channel for the vessel traffic could only be 
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stopped for several hours at the weekend for the deconstruction of the arches. The area round 
the bridges is a landscape conservation area which also had to be considered. Before the decon-
struction was started the water authority required to capture the fish in the Neckar and set them 
out again several hundred meters downstream.  

 
Based on these guidelines a deconstruction concept was developed and it was decided to use 

a blast deconstruction for the first five arches and a lifting process for the arch over the Neckar 
channel. This concept of course caused additional costs, but the lifting of the arch over the 
channel was the only way to have no impact on the vessel traffic. Before that the concrete deck 
was removed to reduce the weight of the concrete superstructure. A special attention was set on 
no falling concrete pieces from the deck in the Neckar channel.  

 
For the blast, the difficulties were to ensure that the superstructure will cause no damage to 

the new bridge built next to the existing, but also from the falling of the concrete mass the gas 
pipeline had to be protected. Therefore mounds were built up under each arch to reduce the fall 
height of the concrete mass as well as the vibrations for the ground. Due to the blasting and the 
missing horizontal counterforce at the last abutment before the channel arch the analysis for the 
stability had to be done and the security factor was reduced to 1.0.   

 
In the following figures the blasting of the superstructure (Figure 4) and the lifting of the 

channel arch (Figure 5) can be seen. The concrete of the superstructure was crushed and brought 
to a dumpsite. 

 

Figure 4. Blasting of the bridge (arch 1 to 5) Figure 5. Blasted superstructure and arch  
 

The Arch over the Neckar channel was cut in several slices with a total weight of 100 tons. 
Due to the span of the arch of 53.8m four heavy cranes on both abutment sides were needed to 
lift up the arch that was divided in the crown into two parts (Figure 6&7).  

 

 
Figure 6. Lifting of the arch 5 over the Neckar  
channel 

Figure 7. Lifting of the separated arch over the 
Neckar channel 

 

The example of the deconstruction of the Neckarbrücke BAB 6 near Mannheim shows exem-
plary aspects to be considered. Not only the stability of the constructions plays an important 
role, but also conditions that of course are not considered when a bridge is built, as the protec-
tion of the environment and the existing infrastructure around the construction site. The signifi-
cance of the impact on the rolling traffic on the highways and roads during deconstruction has 
here to be highlighted. 
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4.3 Lechbrücke BAB A8 close to Augsburg 

The motorway BAB A8 between Munich and Stuttgart is one of the main traffic axes from the 
west to the east in Germany. 56,000 vehicles per day are on the road (with only two lanes in 
each direction). The estimates numbers will grow up to 60,000 vehicles per day in the next 
years. Therefore the highway was and will be extended in sections to a six-lane highway be-
tween Stuttgart and Munich. The old existing Lechbrücke at Augsburg was a suspended arch 
bridge built in 1950 and consisted of two independent arches for both traffic directions. The 
span of the arch was 93.5m. The bridge was a steel construction, steel arch and steel deck, with 
an additional concrete layer of 15cm on the roadway. 
 

Due to the importance of the road link traffic, the main focus for the reconstruction of the 
bridge over the river Lech laid on the maintenance of the traffic - for the surroundings there is 
no possibility to intercept the traffic. Based on theses conditions a concept was developed to 
minimize the impact on the traffic but also to reduce structural measures for the river Lech.   

 

Figure 8 shows, that before the deconstruction was started the first new suspended arch 
bridge was erected next to the old ones. The traffic lanes were now moved together on the new 
bridge so that the deconstruction could be started. 
 

 
Figure 8. Traffic on the new Lechbrücke – preparation of the deconstruction 
 

Time reduction also played an important role as well as the environment protection of the 
river Lech. Therefore it was decided to lift off the arch bridge. Due to the dead load and the 
overhang of the cranes it was not possible to lift the arch in one piece. So the concrete deck was 
demolished from the deck and after additional stability measures the bridge, already connected 
with cables to the crane could be divided at the midspan. For the lifting very heavy cranes were 
needed, the weight of the half arch was about 225 tons (Figure 9&10). 
 

 
Figure 9. Starting of lifting of the arch Figure 10. First suspended arch bridge lifted off 
 

Other scenarios for the deconstruction were also discussed. But the deconstruction into the 
river was denied due to the anger of the pollution as well as that the bridge can cause backwater 
or even a flood. In this case the applied deconstruction method was the most expensive alterna-
tive, but the best solution for the environment and impact on nature and traffic. 
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5 SUMMARY 

The demand on demolition and reconstruction of bridges is constantly increasing in Europe. As 
a consequence, also the impact of demolition and reconstruction is growing – mainly the traffic 
disturbance and the increase in tonnage of wastes are here to be noted.  
 

The minimization of traffic disturbance for deconstruction and reconstructing is already con-
sidered in todays’ practice. The reduction of construction and demolition wastes comes more 
and more in the focus. Recycling has been identified to be an appropriate solution – it is already 
happening driven by cost savings for contractors and processors. Today already 11% of struc-
tural steel is reused and 88% is recycled [SCI]. Opportunities for more aggressive reuse and re-
cycling will improve as the potential for cost savings increases and as processors improve their 
capacity to handle and market the recoverable materials, and as the construction industry be-
comes more aware of savings that could accrue from more aggressive recycling. 

 
As a result, the designer should considered deconstruction during design. Combined with in-

novative recycling procedures and use of recycled materials, to be further developed, the eco-
nomical motivation for the reduction of landfill will increase. Thus the today prediction, that 
wastes are just resources in the wrong place in the future will be hardened. 

 
Overall a well-defined strategy for deconstruction is not only reducing the environmental im-

pact but also bargain for the deconstruction company. Both examples in this paper show, how a 
sophisticated approach of demolition fulfill the todays’ demand for sustainability. 
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1 INTRODUCTION 

As a result of the opening of the former Eastern block at the beginning of the 90s a series of 
Conferences on Pan-European Transport took place with the aim of discovering the develop-
ment necessities of the transport infrastructure in the Eastern Europe. The conclusion of these 
conferences was that for solving the transport problems, accent is to be put on an approach 
which revolves around the idea of corridor. Three European corridors cross Romania’s territory: 
IV, VII and IX. 

 

Figure 1. European corridors crossing Romania’s territory 
 
The main rehabilitation projects of the Romanian railway are the Transeuropean corridors IV 

and IX, which totalize more than 2,000 km of railway and investments that exceed 10 milliards 
Euro. The adherence to the European Union impels the Romanian state to invest in the devel-
opment of railway infrastructure – which was neglected after 1990 taking into consideration the 
budgetary allotment – by creating high-speed corridors in order to unite Greece with the rest of 
Europe. The two European corridors which cross Romania are corridor IV, which connects 
Germany and Greece, and corridor IX between Finland and Greece, having a total length of al-
most 10 000 km. 

Romania has a railway network of about 14 300 km and 18 614 railway bridges. Approxi-
mately 40 % were built before the Second Word War. 
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ABSTRACT: Three European corridors cross Romania’s territory: IV, VII and IX. Of a special 
interest for many European countries is the Pan-European Corridor IV. The railway line be-
tween Câmpina and Predeal, situated on Corridor IV, was built gradually beginning with 1879. 
This section includes 41 bridges. The rehabilitation decisions and solutions for these structures 
were different: in some cases replacement of the superstructure of existing bridges keeping the 
infrastructure which was only repaired or strengthened; in other cases repairing of existing struc-
tures by replacing some parts, whereas other structures needed only repairing. The technical so-
lutions are diverse and, practically, different for each structure. The paper also presents different 
aspects of rehabilitation of the bridges. The deconstruction must be designed in concert with the 
contractors in order to assure safety and efficiency. 
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The rehabilitation of the more than 2000 km of Romanian railway, which will be part of the 
European railway system, shall require investments of at least 10 milliards Euro, the goal being 
the achievement of a maximum speed of 140 de km/h in the case of passenger trains and at the 
same time by complying with the safety standards of the European Union. 

Of a special interest for many European countries is the Pan-European Corridor IV „Berlin - 
Nürnberg - Prague - Budapest - Constanţa /Istanbul/ Thessaloniki”. On Romania’s territory the 
railway component of the Pan-European Corridor IV has the following route: Curtici - Arad - 
Sighişoara - Braşov – Predeal – Câmpina - Bucharest - Constanţa. Due to the fact that the Câm-
pina - Predeal railway route crosses the sub-Carpathians area and the southern part of the South-
ern Carpathians it was necessary to adapt it to the difficult geographical conditions; actually, 
this section is the most complicated part from the whole Romanian route. The railway line was 
built gradually beginning with 1879. The doubling of the 43 km long railway line Câmpina - 
Predeal was made between 1939 - 1942. The line electrification was completed during the pe-
riod 1961 - 1965. This section includes 41 bridges. 

The Câmpina - Predeal railway line is 47 845 km long and it is part of the Pan-European Cor-
ridor IV crossing Romania’s territory, namely of its main branch: „Curtici - Arad - Sighisoara - 
Brasov - Bucharest - Constanta”. 

The general orientation of the Câmpina - Predeal railway line is from south to north crossing 
the Bucegi mountain and running along the valley of the Prahova River. Along this railway 
route there are curves with small radii: R = 250 - 275 - 300 m, as it was necessary to follow the 
configuration of the geographical areas and the difficulty of the ground, implying works area as 
small as possible. Due to the difficulty of the natural ground this railway runs on it very sinu-
ously, on the whole line the length of the curves stands for 50% out of its total length. The Câm-
pina - Predeal line is double, the electrified railway being component part of the Main Line 300. 
From the territorial administrative point of view, the line is situated in the following administra-
tive units: 

 Prahova county - km   94+680 - km 139+100; 
 Braşov county - km 139+100 - km 142+525. 

During service, bridges are subject to wear. In the last decades the initial volume of traffic 
has increased. Therefore many bridges require an inspection. The examination should consider 
the age of the bridge and all repairs, the extent and location of any defects etc. A continuous 
maintenance, which generally must increase in time, is important in order to assure the safety in 
operation of the existing structures (Figure 2). 

Figure 2. Maintenance for existing structures 
Assessment of existing bridges has become more in more important in the present bridge en-

gineering. Engineers should not apply excessively conservative methods to establish the safety 
in operation of existing bridges; in many cases a refined, more accurate method can show that 
the structures have sufficient bearing capacity. Subsequently this saves often considerable costs 
associated with strengthening or replacement and extends the life of the existing structures, sav-
ing resources and promoting sustainability. 

Figure 3. The concept of bridge rehabilitation 
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To be sustainable, all aspects associated with a structure including design, location, materials 
utilized, construction techniques, maintenance, impact on the environment, overall energy con-
sumption and the effect on future generations must be considered.  

The different cases concerning rehabilitation with special attention on specific requirements 
resulting from the existing environment and constraints of the site works are presented in figure 
3.  

In the following some typical examples for refurbishment, reconstruction and renewal of 
railway bridges situated on the Câmpina – Predeal railway line are presented. The rehabilitation 
decisions and solutions for these structures were different: in some cases replacement of the su-
perstructure of existing bridges keeping the infrastructure which was only repaired or strength-
ened; in other cases repairing of existing structures by replacing some parts, whereas other 
structures needed only repairing. The technical solutions are diverse and, practically, different 
for each structure. There are also presented some aspects of sand blasting of the bridges, of in 
situ respectively in the factory repairing, technological problems regarding the using either of 
supporting structures, temporary bridges or of retaining walls, and also aspects of technological 
procedures established in connection with traffic brakes or line closing, while the traffic is per-
mitted only on one line. 

2 CASE STUDIES - REFURBISHMENT 

Case 1: A truss girder bridge 
The double railway line Bucharest–Braşov crosses the Prahova River on a skew truss girder 

bridge, having two spans of 44.00 m each (Figure 4). The first railway line was open for traffic 
in 1879 and doubled in 1940, when the old structure was renewed. The bridge was designed for 
the German heavy convoy N.  

Figure 4. General disposition of the bridge 
 
The bridge is in a good technical condition. No major structure degradations are observed; the 

corrosion is generally superficially. The bearing capacity of the structure was established with 
the help of a computer program; the model is presented in figure 5. 
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Figure 5. The model of the structure 
 
The level of the calculated stresses in the structure elements is lower than the allowable ones. 

The remaining service life was also established with the classical method (Palmgreen – Langer 
– Miner rule) and with modern methods (fracture mechanics); the remaining service life for the 
main girders is 65 years. 

Based on these arguments the decision of refurbishment was taken. Following operations 
were proposed: 
 Removing the silt and arrangement of the riverbed under the bridge, upstream and down-

stream;  
 Cleaning the concrete surfaces and repairing the defects found on the bridge infrastructure; 
 Rebuilding the drains above the bridge abutments in the demolished area; 
 Mounting the metallic parapet on the reverted walls of the abutments; 
 Treating all the accessible concrete surfaces with waterproofing substances; 
 Cleaning and repairing the defects found on the steel decks; 
 Remaking the corrosive proof system of the steel decks; 
 Mounting boxes to protect the cables on the bridge; 
 Cleaning and greasing the bearing blocks, then placing correctly the steel decks on them; 
 Replacing all the wooden sleepers on the four steel decks taking care that all sleepers are 

correctly fastened on the upper flanges of the main girders;  
 Replacing the checkrails, the ends of the checkrails and the corrugated sheet on the bridge; 
 Concrete access stairs will be built on the embankments. 

The repairing works were done on one track and with speed restriction on the second line. 
The technological process contains the following stages:  

Figure 6. The repairing works in stage 1 
 Stage 1: The preparatory works for sandblasting the deck, mounting the working scaffold, 

mounting the protection tent and collecting the material resulted after the sandblasting, the 
sandblasting works, founding and marking the defects, protecting the sandblasted structure 
with primer, repairing the defects, building the corrosive proof system of the steel structure. 
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 Stage 2: the riveted deck was elevated with 10 cm in order to adapt the infrastructure (abut-
mets and pile). 

 Stage 3: The same repairing works for the second track. 

Figure 7. The elevating of the structure. 
 
Case 2: A concrete bridge 
The railway line Câmpina – Predeal crosses the Floreiului River on a skew bridge that was 

rebuilt in 1948. In this area the railway line is on a circular curve R=500.00 m and 19.46‰ de-
clivity, on both tracks. The bridge infrastructure (two piles and two abutments) is made out of 
concrete and reinforced concrete. The bridge connections with the embankments and with the 
neighbouring ground are made out of stone masonry dykes. The reinforced concrete superstruc-
ture of the railway bridge is made out of a continuous structure L = (9.40+11.75+9.40) m, with 
concrete box for the crushed stone prism. 

Figure 8. General disposition of the bridge 
 
The following works were designed for the refurbishment of the bridge: 
 Cleaning and removing the slit from the riverbed.  
a. Infrastructure 
 Cleaning and repairing the concrete surfaces (all defects found at the piles and the abut-

ment). 
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 Waterproofing of the accessible concrete surfaces. 
 Execution of new drainage systems behind both abutments. 
b. Superstructure 
 Cleaning the concrete surfaces and repairing all defects found at the superstructure. 
 Remaking the waterproofing system and the joint coverings. 
 Mounting of the new metallic parapet. 
 Waterproofing of the accessible concrete surfaces. 
 Shifting of the track on the bridge at the levels provided in the project. 
c. Bridge connection to the embankments 
 Remaking of the upstream wings. 
 Waterproofing of the accessible concrete surfaces. 
 Completion of the embankment and remaking of the ballast prism at the ends of the 

bridge. 

Figure 9. Repairing works on the footpath cantilever 
 
The railway traffic during the works shall be carried out as follows: the superstructure works 

shall be carried under temporary retaining walls under speed restriction traffic condition 
(S=30km/h).  

Figure 10. Technological process  
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  Stage 1        Between the stages        Stage 2 
Figure 11. Technological aspects 

3 CASE STUDIES – RECONSTRUCTION AND RENEWAL 

In this case there shall be presented some examples of bridge structures where strengthening and 
remaking measurements of some superstructure and infrastructure elements were taken, respec-
tively examples in which the replacement of the superstructure on the old adapted and repaired 
infrastructure was decided. 
 
Case 1: A concrete bridge 
The massive bridge obliquely crosses the Cernicăi Valley having a span of 7.70 m. The bridge 
was constructed in 1942. In the crossing area, the line is located in a connection curve and in 
declivity of 12.50%o. The railway bridge superstructure is made of two independent decks, on 
reinforced concrete girders (4 pieces for each track), over which slabs made of reinforced con-
crete are poured.  

Figure 12. Cross and longitudinal sections 
 
The rehabilitation project contains the following measurements: 
 Two marginal beams shall be built to carry out the sidewalks in cantilever, made of rein-

forced concrete C25/30. 
 The co-operation between the new marginal beam and the existent cross beam will be as-

sured by reinforcement connection with Hilti-HIT. 
 Uncovering 5 cm of the existent concrete at the upper side of the superstructure, by preserv-

ing the reinforcing on that height. Cleaning and preparing of all concrete surfaces and of the 
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existing reinforcing. Execution of drill-holes with ø 30, t = 50 cm along the old beams, at 
equal distances of 20 cm for the compound reinforcement (anchors). Afterwards installation 
of the anchors and filling of the hols with epoxide mortar. 

 The over-concreting of the existing deck slab using a reinforced concrete slab (C25/30) with 
a variable thickness of 25 cm – 34 cm. 

 The pared under the bridge shall be remade on a slope concrete layer poured on the existing 
foundation, granulated.  

 The connections of the bridge downstream shall be remade. 
 New waterproofing of the reinforced concrete slab. 
 Mounting of metallic parapets on the reinforced concrete cantilevers and on the reverted 

walls of the abutments. 
 Treating of all the accessible concrete surfaces with waterproofing; 

Figure 13. End cross girder – rehabilitation details 

Figure 14. New concrete deck and consolidation solution for existing girders 
The works are carried out mounting temporary retaining structures on which the train sets 

shall run at Smax = 30 km/h during the entire works’ period.  

Figure 15. Temporary retaining structures, present situation on the site 
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Case 2: Composite structures 
The existing bridge was built in 1942 and sustains the Câmpina – Predeal double railway line 

crossing over the Prahova River. The railway line crosses the river in an angle of about 60° and 
is situated near the bridge which is in a curve with the R= 380.00 m and with a declivity of 
about 17%. The structure is made of two spans of 9.80 m, respectively of 26.90 m, the small 
span serving as a platform underpass for a local road. The bridge substructure is common for 
both railway lines, and the superstructure is made of independent decks.  

Figure 16. The existing structures 
The recommendations of the technical project were implemented: the replacement of the 

superstructure with a composed solution by using reinforced concrete.  
The following measurements were designed: 
 Adapting the existing infrastructure at the new position of the line on the bridge partially 

remaking the bearings and the bearing seats for the abutments and piers; 
 Cleaning the concrete surfaces of the bridge infrastructure and repairing the found faults; 
 Mounting of metallic parapets on the abutments reverted walls; 
 Treating all the accessible concrete surfaces with waterproofing substances; 
 The existing decks not complying with the present traffic conditions (upper track plain web 

girders for single railway line, having spans of 9.80 m, respectively 26.90 m) shall be re-
placed with new decks made of steel embedded girders into concrete for the small span, and 
a composite bridge (steel girders and concrete slab) for span 2 of the bridge.  

 The track on the bridge shall be made on crushed stone prism. 
The new decks were designed for UIC convoys.  

Figure 17. The model of the composite structure 
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Figure 18. The static model for the filler beams deck 
The works shall be executed successively on one line under traffic break under protection of 
temporary retaining structures. The traffic on the line in running shall be restricted to the speed 
of 15 km/h. 
The superstructures were designed to be carried out in definitive position. For an easy and fast 
accomplishing precast slab elements were used in the case of the superstructure. 

Figure 19. Precast concrete slab elements 

Figure 20. Longitudinal section through the struc-
ture 
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Figure 21. Cross section – technological process stage 1 
 
The cross sections through the new superstructures are presented in the following figure. 

Figure 22. View and section through the new decks 
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4 CONCLUSIONS 

The deconstruction must be designed in concert with the contractors in order to assure safety 
and efficiency, but the chosen technical solution must also comply with criteria such as struc-
tural robustness, economics and easy execution. 
The high degree of prefabrication goes along with a significant improvement of working condi-
tions, as improved weather-independent working environment for the workers while erecting 
formwork, placing re-bars and casting concrete is guaranteed. Furthermore a smaller amount of 
man-hours outdoors at the construction site is needed. 
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1 INTRODUCTION 

Recently, high dynamic loads have been taken into consideration for the design of critical infra-
structures. They could be due to natural causes, like strong earthquakes, or man-made causes, 
like blast or impacts. Moreover, recent events have emphasized the vulnerability of these struc-
tures to resist to blast loads. 

To investigate this aspect, a research project has been developed in order to study the effect 
of blast loads on the reinforced concrete structure of the bridge Tenza, located in southern Italy. 

The bridge belongs to a dismissed portion of the Salerno – Reggio Calabria highway and 
needs to be demolished after the structural investigation. It covers a small river and is located 
far from urban areas. At this aim, a demolition program was designed, which started from the 
static and dynamic characterization results. The objective was to carry out the demolition in a 
safe way and reducing economical and environmental costs. 

The structural investigation moved from a static characterization of the structure under grav-
ity loads. Hence, a seismic assessment has been performed through a modal analysis. An in situ 
vibrodyne test has been conducted to confirm the dynamic properties given by the theoretical 
analysis. 

Then the project will lead to the modeling and assessment of the structure under extreme 
loads and to in situ tests. To this aim a complete dynamic characterization of the materials was 
performed. Stress–strain relationships under different strain rate have been evaluated under ten-
sile loads for the above materials of the bridge. The tests have been realized in DynaMat Labo-
ratory of the University of Applied of Southern Switzerland using three modified Hopkinson 
bars. The strain rates investigated were about 10-4 s-1 (quasi static), 1 s-1 and 10 s-1 for the 

Criteria for optimized design of demolition of a bridge: the Tenza 
bridge 

Ezio Cadoni1, Domenico Asprone2, Andrea Prota2 & Gaetano Manfredi2 

1University of Applied Sciences of Southern Switzerland 
2Departement of Structural Engineering, University of Naples “Federico II” 

ABSTRACT: The Life Cycle Assessment (LCA) of a civil infrastructure needs to be conducted 
taking into account all the phases of its life-time, from the construction, to the service and main-
tenance time, up to its dismissing phase, including demolition. In particular this last phase, in 
case of a large structure, like a bridge, can be particularly critical and expensive. In fact, in case 
of a bridge, the huge volume of waste materials to manage and environmental restraints can 
make the demolition very costly, from the economic and environmental point of view. 

This paper addresses this issue, considering a particular case study, the Tenza bridge, a dis-
missed highway bridge in Campania region. It is highlighted that in order to carry out the demo-
lition of a bridge, or of a large critical infrastructure, aiming to contain economic and environ-
mental costs, a detailed design needs to be conducted. 

In particular, a detailed knowledge of structural properties of the structure is necessary, since 
demolition, from the explosions phase to the induced progressive collapse, is strictly related to 
dynamic properties (strength and stiffness) of materials; hence, such properties need to be inves-
tigated and evaluated, in order to conduct an optimized design of all the demolition phase, aim-
ing to contain economic and environmental costs.
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concrete and about 10-4 s-1, 200 s-1 and 600 s-1 for the reinforcing steel. The results provide 
information about the influence of dynamic loads on the constitutive behavior of materials aged 
in a real structure and they will represent reference laws to be used in structural analyses ac-
counting for strain rate effects. These results were implemented as constitutive laws in the dy-
namic analysis of the bridge under different high strain rate actions simulating blast events. The 
static and dynamic characterization of the bridge, both in terms of material properties and struc-
tural characteristics, was fundamental to design the demolition phases. 

2 THE TENZA BRIDGE  

The Tenza bridge (see Fig. 1), located in southern Italy, was built in the sixties as part of 
Salerno-Reggio Calabria highway and was open to traffic till few years ago. Recently the high-
way owner society planned to change the geometry of the route, since it does not respect any-
more the current safety standards. Therefore the bridge was closed to traffic as it belonged to a 
substituted portion of the highway. 
 

 
Figure 1. Tenza Viaduct view 

 
The bridge structure of the Tenza Viaduct consists of 3 different structures, one main and two 

approach spans. The main span is an open spandrel arch structure that is 120 m long and 50 m 
deep. The bridge deck and its wall piers are supported by a ribbed, solid slab, and fixed-fixed 
arch. Each approach span is 30 m long and is supported by multiple wall piers of different 
heights. Each individual pier is made of two RC columns; those external are connected over 
their entire height by an RC wall. 

The bridge was built during the economic growth after the Second World War and although 
no record exists on the method used for its construction, wood formworks were probably used, 
as that was a very common practice at that time. In the nineties, the bridge was strengthened to 
resist seismic loads. The retrofitting consisted of RC encasement of piers and arches cross-
sections. 

3 OPTIMIZATION CRITERIA FOR DEMOLITION 

The design of the demolition was addressed through a sustainable approach. Hence, the main 
goal was to limit the economical cost and guarantee low environmental and social impacts of 
the operations. Given the huge volume of the structure, a controlled demolition by explosions 
was considered. The way to proceed in order to design such a demolition is to define an unstable 
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configuration of the bridge to be achieved through local damage induced to structural elements 
by the explosions. Such configuration will activate a collapse mechanism that will lead to the 
demolition of the bridge. In this case, the main constraints related to the demolition regarded the 
access to the valley to remove the debris. In fact, the access to the valley of the bridge is not 
easy and all the area is under the control of the local environmental authority. Hence, the demo-
lition path was designed so to have small debris elements, collapsed far from the center of the 
valley, where access of trucks is easier. 

Hence, particular attention was posed to the explosion definition. In literature, a number of 
empirical formulations provide the amount of explosive necessary to induce fracture to rein-
forced concrete elements. Such formulations are based on an energy balance between the explo-
sion energy and the fracture energy of concrete. However, in order to have particular precision 
in such predictions, dynamic properties of steel internal reinforcement and of concrete are nec-
essary. At this aim, relationships and procedures presented in TM 5-1300 (TM 1990) and CEB 
Bullettin 187 (CEB 1988) were used. However, in order to calibrate such procedures, dynamic 
tests on materials were analyzed to have fracture energy values of concrete and steel. Such data 
allowed to have a more reliable prediction of the amount of explosive to install in order to have 
the desired collapse mechanism. It should be mentioned that also collapse mechanism activation 
needs for particular attention, since it is strictly related to mechanical properties of the structure, 
in terms of elasto-plastic behavior. Hence, in order to predict well the collapse behavior of the 
structure after the initiation induced by the explosion, collected data from structural characteri-
zation were analyzed. 

4 TRADITIONAL BRIDGE ASSESSMENT AND CHARACTERIZATION 

The objective of the first phase of the project was to obtain a detailed knowledge of the bridge 
properties and structural behavior. Then a traditional investigation was performed. 

First of all a static characterization of materials has been conducted; then a modal analysis 
has been performed and has been validated through a vibrodyne test. Static analysis under grav-
ity and seismic loads has been conducted on the FEM model of the structure. Detailed results of 
this phase are present in (Asprone et al., 2006, Cadoni et al., 2007). 

4.1 Static Characterization of materials 

The objective of this campaign has been to obtain a complete quasi static characterization of the 
materials of the Tenza bridge. 
First of all, 4 types of material can be identified in the Tenza bridge structure: 

 The original concrete, used in the sixties when the bridge was built; it is the prevailing 
amount of concrete in the structure; 

 The concrete, used for piers and arches strengthening; 
 The original steel, lightly ribbed, used for the reinforcement of the original concrete; 
 The strengthening steel, ribbed, used for the reinforcement of the more recent concrete. 

 
For each of these materials several specimens have been taken from the real structure. Tensile 

tests of the steel specimens and compression and ultrasonic tests of the concrete specimens have 
been realized. 

5 MECHANICAL CHARACTERIZATION OF MATERIALS AT HIGH STRAIN-RATE: 
DYNAMAT FACILITIES 

In order to determine the mechanical properties of concrete and steel in tension under high load-
ing rates three Modified Hopkinson Bar (MHB) have been used: a MHB with a diameter of 10 
mm was used for dynamic testing of steel, other two set-up were used to load representative 
plain concrete specimens with diameter of 20 and 60 mm, respectively. These bars are installed 
in the DynaMat Laboratory of the University of Applied Sciences of Southern Switzerland 
(SUPSI) of Lugano. 
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5.1 Set up for high strain rate tests on concrete core Ø=60mm. 

The system consists of two circular aluminium bars, having a length of 3 m and a diameter of 60 
mm, to which the concrete test specimen is glued using an epoxy resin. In this way, concrete 
specimens with same diameter of 60 mm are tested and by instrumenting each bar with semi-
conductor strain gauges, measurements are obtained of the incident, reflected and transmitted 
pulses acting on the cross section of the specimen. 

A test with the MHB is performed as follows: 
 first a hydraulic actuator, of maximum loading capacity of 1 MN, is pulling a Maraging 

high strength steel bar having a length of 3 m and a diameter of 35.8 mm; the pretension 
stored in this bar is resisted by the blocking device (see Figure 2) 

 second operation is the rupture of the fragile bolt in the blocking device which gives 
rise to a tensile mechanical pulse of 1200 s duration with linear loading rate during the 
rise time, propagating along the input and output bars bringing to fracture the plain con-
crete specimen. 

 

 
Figure 2. Experimental set-up: 1. hydraulic actuator; 2. high strength steel bar for energy storage (3m); 3. 
blocking device; 4. input bar; 5. strain gauges to measure incident and reflected pulses; 6. specimen; 7. 
strain gauges to measure transmitted pulses; 8. output bar. 

 
The strain gauge stations on the input bar measure the incident pulses I and the reflected 

pulses R. The strain gauge stations on the output bar measure the pulses T transmitted through 
the specimen. 

By the measure of the reflected and transmitted pulse the stress and the strain history were 
obtained using the formulation of the Hopkinson theory (Lindholm, 1971). 

5.2 Set up for high strain rate tests on steel specimens Ø=3mm 

The system consists of two circular high strength steel bars, having a diameter of 10 mm, with a 
length of 9 and 6 m for input and output bar, respectively. The steel specimen is screwed to the 
input and output bars. 
The steel specimens have a diameter of 3 mm (see Figure 3b). The input and output bars are in-
strumented with semiconductor strain gauges which measure the incident, reflected and trans-
mitted pulses acting on the cross section of the specimen.  

6 HIGH STRAIN–RATE TEST RESULTS 

The behaviour of the concrete at different high strain-rates is shown in Figure 4 as stress vs. 
strain curves in tension. One can observe as the tensile strength, the ultimate strain and the frac-
ture energy (considered as the area under the curves) increase as strain-rate become larger. Even 
though the concrete was taken from an existing structure and was about forty years old, the 
trend observed was coherent with the results described in the literature (CEB, 1988; Malvar and 
Ross, 1998; Cadoni et al, 2000). The different concrete coming from arch and piers were tested 
at the different strain–rate regime. An example of the results is shown in Table 1. 
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Table 1. Results of concrete specimens 
Structural 

part 
Concrete type Strain–rate d/dt 

[s-1] 
fct 

[MPa] 
u 

[] 
Quasi–static 10-4 2.89 120 

1.14 2.39 76 
1.78 4.37 1080 Soft impact 

1.33 4.15 210 

Arch 
 

original concrete 

Hard impact 8.29 6.11 308 
Quasi–static 10-4 3.40 160 

Arch 
strengthening 

concrete Hard impact 9.12 6.73 587 
Quasi–static 10-4 1.87 -.- 
Soft impact 2.14 2.38 644 

6.1 3.82 377 
6.95 4.95 638 

Piers original concrete 
Hard impact 

9.14 4.85 600 
Quasi–static 10-4 2.91 -.- 
Soft impact 4.31 5.87 1090 

57 7.35 876 
Piers 

strengthening 
concrete 

Hard impact 
70 11.67 862 

fct= fracture stress; u= ultimate strain. 
 

As it regards steel internal reinforcement, the specimens were obtained from the old reinforc-
ing rebars. The specimens have been tested at high-strain rate regime 200 and 600 s-1, 5 sam-
ples for each velocity. As reference the same specimens have been tested in quasi–static regime. 
The results are shown in Table 2. 
 

Table 2. Results of reinforcing steel specimens 

Strain rate (d/dt)ave 

[s-1] 
fy, ave 

[MPa] 
fu, ave 

[MPa] 
u, ave 
[%] 

Quasi–static 0.0001 388.3±3.8 708.0±18.0 10±0.7 

Soft impact 173.8±17.6 547.2±42.8 789.4±42.6 10.7±1.1 

Hard impact 561.6±55.2 626.4±9.5 829.6±8.1 15.3±0.7 
         fy= yielding stress; fu= ultimate stress; u= ultimate strain. 

7 CONCLUSION 

The objective of this paper is to underline the importance of a structural and a material charac-
terization, especially in high strain-rate range, to design a controlled demolition by explosions. 
Such aspect represents a very important point for a sustainable approach to the demolition phase 
of a structure. Indeed, in case of strong constraints, in terms of costs and environmental impacts, 
such as in the Tenza bridge case, a well controlled demolition can strongly reduce such costs 
and impacts. Hence, it is underlined the importance of a detailed structural and material charac-
terization to predict the real behavior of the structure during the demolition. The quantity of ex-
plosive to activate the collapse mechanism and the collapse behavior that the structure will ex-
hibit need to be well predicted. Hence, in the presented case a detailed structural 
characterization was performed; furthermore, dynamic properties of constituent materials were 
investigated through dynamic tensile failure tests. Then, the results have been employed to de-
fine the explosion and demolition plan. Finally, it is underlined that, in this way, economical 
and environmental costs have been controlled guaranteeing the sustainability of the operation. 
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Eco-Efficiency in Development of Construction Products 
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ABSTRACT: Development processes of the real estate and construction sector aim more of-
ten at eco-efficiency and sustainability of products, buildings, infrastructure and the entire built 
environment. In development of construction products, eco-efficiency is assessed against issues 
that are related to competitiveness and life-time impacts to the nature and climate at the same 
time. The impacts may concern the product itself or its succeeding impacts in the use of build-
ings like e.g. reduction of energy-consumption through phase-changing materials or intake of 
renewable energy through photovoltaic panels. New types of requirements mean that already in 
the early stages of a product development project, goals concerning eco-efficiency should be 
agreed - and methods to verify them throughout the project should be available. Eco-efficiency 
of construction products has already been improved through many measures like for example 
reduction of energy-consumption (steel-industry), heat production with recycled materials (ce-
ment manufacturing), recycling content (concrete, glass wool), replacing natural sand by 
crushed stone. However, a true shift toward a market of eco-efficient construction products 
needs systematic approaches and generic methods as well as reliable environmental data on real 
estate and construction sector. 

 
1 INTRODUCTION 
The concept of eco-efficiency was introduced by the Business Council for Sustainable Devel-
opment BCSD (nowadays WBCSD) in 1992, and further defined as being “reached by the de-
livery of competitively priced goods and services that satisfy human needs and bring quality of 
life while progressively reducing ecological impacts and resource intensity throughout the life 
cycle to a level at least in line with the earth's estimated carrying capacity” – or “the efficiency 
with which ecological resources are used to meet human needs”. The WBCSD has identified 
seven success factors for eco-efficiency (WBCSD 2009b):  

- reduce the material intensity of goods and services  
- reduce the energy intensity of goods and services  
- reduce toxic dispersion 
- enhance material recyclability 
- maximize sustainable use of renewable resources 
- extend material durability (and product service-life) 
- increase the service intensity of goods and services. 

Eco-efficiency means “producing more with less” – or “more value with less impact”. This 
principle has been expressed as a ratio (Verfaillie&Bidwell, 2000) 

Net external sales per 
- energy consumption 
- material consumption 
- GHG emissions 
- ozone depleting emissions 
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impacttalEnvironmen
valueEconomicefficiencyEco
_

_
==− η  

The eco-efficiency concept is regarded as a management approach promoting environmen-
tally sound or clean technologies – mainly used at the enterprise level. Eco-efficient innovation 
is described by R. van Berkel (2008) as delivery of “products and processes that meet tomor-
row’s rather than yesterday’s environmental expectations”.  

Eco-efficiency analyses deals with similar concepts as the Life Cycle Assessment (LCA) 
standards developed by the International Organization for Standardization (ISO) (ISO 14040 
through 14043). Both approaches analyze environmental burdens but eco-efficiency takes 
further a cost-efficiency into account. However, it is often overlooked that the basic definition 
of eco-efficiency considers all three dimensions (ecological, economic, social and cultural) of 
sustainable development. Therefore it can be viewed from many angles. 

According to the Lead Market Initiative for Sustainable Construction of EU, in the real estate 
and construction sector eco-efficient innovation “manifests itself in many forms, either at the 
product level, or at the level of performance of the building or of the services provided by the 
supply chain to the customer/occupants. Environmental aspects possibly addressed by innova-
tion include sustainability of materials, in-door air quality, water and energy efficiency, or adap-
tation to climate change.” This kind of broader approach to eco-efficiency has introduced in 
Finland: 

pressuretalEnvironmen
ePerformancConformityefficiencyEco

_
+

=−         , where 

Conformity means suitability to owner’s/ developer’s objectives  
(including economic thrives) 

Performance means suitability to user’s and occupant’s aspirations and technical fitness. 
Here, cost-efficiency is considered simultaneously but separately. 
For development of construction products, eco-efficiency is a requirement that should be 

managed during all phases of a development project. The targets should be expressed in a way 
that fit with the multi-criteria decision-making and assessment methods. 

In this paper, the influence of eco-efficiency as a framework and goal on R&D&I of con-
struction products is studied. It contributes to the work of the WG2 of the Action C25 by intro-
ducing drivers and trends of eco-efficiency and presenting the needs and ways to communicate 
about eco-efficiency during the various phases of a product development process. 

2 ECO-EFFICIENCY AS A FRAMEWORK 

2.1 Drivers of eco-innovations 
Eco-efficiency is related to the sustainable development, especially to the environmental and 
economic topics. In public discussion, challenges of Factor 10 or Factor 4 are often mentioned 
to mean a goal to increase the eco-efficiency in industrial and development countries, respec-
tively. The environmental pressure is regarded as one of the main innovation drivers in the con-
struction sector (Bossink 2004). 

In the European Union (EU), eco-innovation is considered to support the wider objectives of 
its Lisbon Strategy for competitiveness and economic growth. The concept is promoted primar-
ily through the Environmental Technology Action Plan (ETAP 2009) that defines eco-
innovation as “the production, assimilation or exploitation of a novelty in products, production 
processes, services or in management and business methods, which aims, throughout its life-
cycle, to prevent or substantially reduce environmental risk, pollution and other negative im-
pacts of resource use (including energy)”. 

The twin-challenge of energy policy in Europe has led to new legislation and action plans. In 
the 6th Framework Programme, a concept of Eco-building was used as “the meeting point of 
short-term development and demonstration in order to support legislative and regulatory meas-
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ures for energy efficiency and enhanced use of renewable energy solutions within the building 
sector, which goes beyond the Directive on the Energy Performance of Buildings.” 

Green Public Procurement is becoming more important mechanism in promotion of eco-
efficient and sustainable development in Europe and internationally (ISPRA 2008). The Com-
mission presented a Communication in July 2008 as a part of the Action Plan on Sustainable 
Consumption and Production and Sustainable Industrial Policy (SCP/SIP), which establishes a 
framework for the integrated implementation of a mix of instruments aimed at improving the 
energy and environmental performances of products. The European Eco-labelling is under de-
velopment to support the Green Procurement Procedures. Both the overall performance of 
buildings and the environmental profile of the materials and products are to be considered. 

In several studies, the role of regulation in innovation processes of the real estate and con-
struction sector has recognised (figure 1). 

 
Material efficiency

Product
palette

Energy
Efficiency

Technology Push

Existing environmental lawProduct quality

Regulatory Push

Expected Regulation

Eco-Innovation

Market Pull
Image

Labour CostsNew Markets

Competition

Customer DemandMarket share

Occupational Health

 
Figure 1. Drivers of eco-innovations. 

For eco-innovations, the role of regulations might become even more important as tightening 
existing ones or implementing new ones have mechanisms and traditions. In EU, the Construc-
tion Products Directive (CPD) has got to its side the Energy Performance of Buildings Directive 
(EPBD), and European eco-labelling, sustainability rating or environmental declarations are un-
der development. The Task Group on Sustainable Construction (EU 2008) proposed the follow-
ing measures in 2008-2011:  

- Develop voluntary performance targets to enable the implementation of incentives and 
other policy measures to promote sustainable buildings and construction practices 

- Develop European standards that allow taking into account sustainability aspects in con-
struction design.  

- Define the framework for technical assessment adapted to a rapid certification of innova-
tive products to sustainability criteria. 

2.2 Measuring eco-innovations 

In the WBCSD report on measuring of eco-innovations, Verfaillie and Bidwell (2000) introduce 
two types of indicators: 

- Generally applicable indicators can be used by virtually all businesses. As well as being 
more or less universally relevant, each of these indicators relates to a global environmental 
concern or business value and methods for measurement are established and definitions ac-
cepted globally.  

- Business specific indicators are those that do not meet criteria of generic indicators, mean-
ing that they are more likely to be individually defined from one business or one sector to 
another. These indicators are not necessarily less important than the first group. That judg-
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ment will depend on the nature of an individual business. They are merely less widely ap-
plicable.  

A company’s eco-efficiency performance profile will include both types of indicators. The 
authors of the report mentioned above propose five elements to be included in a company’s 
summary profile on eco-efficiency: profiles on organisation, value and environmental impacts, 
eco-efficiency ratios and methodological aspects. In value profile, it is possible to include func-
tional indicators. 

OECD’s work on indicators for environmental technologies (2009) has taken a note of the 
difficulty of current statistical classification of industries. The same difficulty concerns classifi-
cation of real estate and construction sector: a main part of policy documents deal with materials 
and products but in principle, they are not included in the sector. This leads to false interpreta-
tions about productivity and innovativeness, too. 

Based on the narrow NACE definitions, the sector embraces five sub-sectors: site prepara-
tion, civil engineering (building of complete constructions or parts thereof), building construc-
tion, building completion and renting of equipment (emcc 2005). Asikainen and Squicciarini 
(2008) have proposed a wider definition to the sector, based on the current classes but combined 
in a new way ( figure 2). 

 

Main activities 
(Section F) 

Pre-
production (in-
put) activities     

& services 

Post-
production ac-
tivities  & ser-

vices 

Support activities & services 
 

Figure 2. A wider approach to NACE classification of real estate and construction sector (Asikainen & 
Squicciarini 2008) 

The activities of the real estate and construction sector are usually described to comprise 1) 
building and construction, 2) construction products manufacturing, 3) real estate and facility 
management and 4) activities that support these main functions. Building and construction con-
cern buildings and civil engineering (soil and water); it can be either new-build or renovation; 
according to the actor, it can be either construction industry or independent.  

Construction products industry produces products (materials, products, components, or sys-
tems/ kits of components) to be used “in a permanent way in works” which is the definition ac-
cording to the CPD to the final result of building and construction activities. Usually this indus-
try is classified in other industries like chemical, forest-sector, stone, glass, concrete/cement, 
metal etc). 

To the service activities are included design and consultation companies, developers, con-
structors, machinery rentals, retail and supply of materials and components, public services 
(area and urban planning, steering, inspection, certification, market surveillance, research etc), 
finance and insurance, facility management and services. 

2.2 Environmentally sound technologies 

The "environmentally sound technologies" has been proposed by OECD (2009) to cover areas 
of Pollution Management, Cleaner Technologies and Products and Resource Management. Sev-
eral of the technology areas are closely linked to the real estate and construction sector. 

Various divisions have been introduced to environmental or clean technologies; an example 
is presented in figure 3 for the concept of “preventive technologies” in manufacturing industry.  
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Figure 3. Division of preventive environmental technologies (Rennings 2000). 

2.4 Eco-innovation tools 

WBCSD has prepared a toolbox for implementing eco-efficiency in business (WBCSD 
2009a). The set of tools are explained and positioned to fit with various needs at various levels 
of business and society. Many of them are suitable for improvements in the processes and tech-
nologies of the real estate and construction sector. they are listed in Table 1. 

Table 1. Eco-efficiency tools for different business functions (WBCSD 2009a). 
Function  Tool 
• Organizational/Management 
 

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

 
• Product Design & Development 
 
 

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

 
• Suppliers/Purchasing 

– Environmental Supply Chain Management 
– Green Procurement  

• Marketing and Communications 
 

– Corporate Environmental Reporting 
– Eco-Labelling 
– Stakeholder Engagement 

 
• Production & Distribution 
 
–  

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

• Facilities Management/ 
Project Development 

 

– Green Building Design 
– Environmental Impact Assessment 
– Environmental Management Systems 
– Stakeholder Engagement 
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3 ECO-EFFICIENCY IN PRODUCT DEVELOPMENT 

3.1 Requirements setting 

In development of eco-efficient construction products, eco-efficiency is a primary goal and a re-
quirement among plenty of others that needs to be taken into account in different phases of a 
process from the concept development to launch to markets. Eco-efficiency affects in each 
group of competitive issues as presented in figure 4.  
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Figure 4. Grouping of product requirements to be taken care of in a product development project. Eco-
efficiency affect each group, and as an overall goal (Koukkari 2009). 

 
Based on the regulations, technology drivers and customer needs, a list of qualitative and 

quantitative requirements of a product will be developed in early stages of a process. The tar-
geted properties can be divided in most important, ”hard” ones and desired ”soft” ones. The 
specifications of regulations are obligatory. Different methods and tools are available in order to 
link customer needs and technical specifications (like e.g. QFD – Quality Function Deploy-
ment). Agreement concerning the competitive edge should be made as early stage as possible.  

3.2 Phases of product development 

A product development process is presented in figure 5 for the case when the manufacturer and 
a research organisation work jointly. 
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Figure 5. Process of construction product development (Koukkari et al 2004). 
Before any development project, forecasting is a common activity of companies. Trends of 

regulations and market expectations are followed and analysed. Ideas for a new product or con-
cept can be initiated by very small or even hidden possibilities. That can be found on the market 
as a new demand or achievements of the other industrial sectors. The phase for ideas follows the 
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setting of the goals and requirements. In matter of fact, the beginning of a development project 
may go back and forth. “Something new” can be reached the easier the less obstacles the mate-
rials, manufacture and use technologies cause.  

 

&I (figure 6). 

Eco-efficiency is a relatively new demand whose importance is quickly growing; this 
framework is more closely introduced in Chapter 2. Eco-efficiency requires a new type of ap-
proach to development as it can only be successfully achieved in a systematically and simulta-
neously multidiscipline work. It hastens the ongoing evolution of project with succeeding 
phases toward a process of concurrent R&I

 
Concurrent R&D&I

Basic ResearchBasic Research
Applied research

Development
Applied research

Development  
 

Figure 6. Research-based concurrent innovation process (Koukkari 2009). 
 

In early phases of a development project, tacit knowledge, engineering judgement, rules of 
thumb and small-scale comparative tests are used. In a similar way, the eco-indicators in the 
early phases should give information about the right tracks rather than quantitative data. 

The engineering phase of a product development projects starts with comparisons and analy-
ses of alternatives. These studies should include not only the technical properties but usability 
(e.g. buildability) and costs of manufacture and use. The aim is to find one or two basic solu-
tions for further development. In these phases, the analyses, research and assessments become 
more detailed. For eco-efficiency, LCA is an appropriate approach. Typically, and especially for 
a new product development, there are several situations of multi-criteria problem.  

3.3 Launching to market 
As a part of Lead Market on Sustainable Construction, a new mechanism is under development 
for environmental product verification (figure 7).  

Available in 
the Market

Certification

Self 
Declarations

EPVR&D

No need for certification, 
but need for credible 

performance data

Compliance 
to standards

No standards 
exist

Early 
research

Prototypes, 
Demonstration

5

The “positioning” of EPV
Paris 26 November 2007 – European Forum on Eco-Innovation

 
Figure 7. Environmental product verification under development in EU. 
 
A product verification for environment is needed but might not be enough for eco-efficient 
construction products. In the real estate and construction sector, long duration of approval pro-
cedures is a well-known hindrance of innovations. All mechanisms that would make introduc-
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tion easier are important but at the same time, all essential requirements including durability of 
new products need to be reliably ensured. 

Work is in progress to create certified environmental product declarations (EPDs) for con-
struction products, but certified EPDs will probably not cover more than a limited number of 
products over the next few years. However, as the Network of Heads (2007).has proposed, the 
way is to include EPD’s as a voluntary part in CE marking  

4 CONCLUDING REMARKS 

The competitive edge of a new construction product depends on the usability, technical proper-
ties, quality, price as well as supporting and additional services – on the overall concept. Suc-
cess presupposes combining of the segmented knowledge concerning markets, technologies, 
product development and product approvals. 

In addition to traditional competitive issues, eco-efficiency is becoming a crucial demand for 
construction materials and products. The manufacturers need to set targets not only to the prop-
erties of a construction product itself but also to its influence on the performance of a completed 
works. The regulations and incentives are under development in order to force and support mar-
kets toward the sustainable development. 
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ABSTRACT: One of the biggest environmental problems today in the majority of world is gen-
eration of huge amounts of waste. Construction and demolition (C&D) waste makes almost the 
half of total industrial waste. From the other hand, consumption of natural aggregate is con-
stantly and rapidly increasing with increasing of the production and utilization of concrete. Re-
cycling represents one way to convert a waste product into a resource. The main purpose of this 
study is to determine the potentials of recycled aggregate concrete for structural applications 
and to compare the environmental impact of the production of two types of ready-mixed con-
crete: natural aggregate concrete (NAC) made entirely with river aggregate and recycled aggre-
gate concrete (RAC) made with natural fine and recycled coarse aggregate. Based on the analy-
sis of up-to-date experimental evidence it is concluded that utilization of RAC for low to middle 
strength structural concrete and non-aggressive exposure conditions is technically feasible. The 
LCA results show that cement production is the largest contributor to environmental impact of 
both NAC and RAC. Transport is also a big contributor to the environmental load and the re-
sults show that environmental benefit from recycling can be obtained only for small transport 
distances of recycled aggregate. This means that recycling plants should be located close to ur-
ban areas where most of the construction sites are situated. Datasheet on RAC, as one of deliv-
erable of C25 WG2 (Eco efficiency), is provided in Annex 1.

1 INTRODUCTION 

Concrete is the most widely used building material in the construction industry and after water 
the second most consumed substance in the world. It is estimated that today's world concrete 
production is about 6 billions tons per year, i.e. one tone per person per year (ISO, 2005). The 
concrete industry is regarded as a large consumer of natural resources. Consumption of natural 
aggregate as a largest concrete component is constantly and rapidly increasing with increasing 
of the production and utilization of concrete. For example, three billions tons of aggregate are 
produced each year in the countries of European Union (European Environment Agency, 2008). 
This situation puts a question about the availability of natural aggregate’s sources. Many Euro-
pean countries have placed taxes on the use of virgin aggregates. 

From the other hand, waste arising from the construction sector – construction and demolition 
waste (C&D) - is also a relevant concern in the protection of the environment. For example, 
about 850 millions tons of C&D waste is generated in the EU per year, which represents 31% of 
the total waste generation (Fisher & Werge, 2009). The most common method of managing this 
material is through its disposal of in landfills. In that way huge deposits of C&D waste are cre-
ated and consequently agriculture land is decreasing. For that reason in developed countries, re-
stricted laws in a form of prohibitions or special taxes for creating of waste areas were brought 
into practice. 
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Recycling represents one way to convert a waste product into a resource. It has the potential 
to reduce the amount of C&D waste disposed of in landfills and preserve natural resources. This 
potential can be utilized if aggregates obtained by recycling are used not only in lower quality 
product applications but for structural concrete applications too. The quality of recycled aggre-
gate is usually lower than quality of natural aggregate which is an important fact for structural 
concrete application. Recycling of C&D waste consumes considerable energy. So the question 
is: can we make a quality structural concrete with recycled aggregate and, if it is possible, can 
recycling really provide energy savings while decreasing environmental burdens of concrete? 

The main purpose of this work is to determine the potential of recycled aggregate concrete to 
be used as structural concrete and to compare the environmental impact of the production of two 
types of ready-mixed concrete: natural aggregate concrete (NAC) made entirely with river ag-
gregate (gravel and sand) and recycled aggregate concrete (RAC) made with natural fine and re-
cycled coarse aggregate. In order to address the overall environmental impact, all the life cycle 
phases of a concrete structure need to be taken into account, including the production of raw 
materials and concrete, construction and service phase, demolition and dismantling, and recy-
cling of waste materials and disposal. In this work only the part of the entire life cycle of a con-
crete structure – raw materials extraction and production and transport of ready-mixed RAC and 
NAC - is analyzed. 

2 MECHANICAL, RHEOLOGICAL AND DURABILITY RELATED PROPERTIES OF 
RAC 

Recycled aggregates from waste concrete are generally produced by crushing, screening and 
removing the contaminants such as reinforcement, paper, wood, plastics, gypsum (by magnetic 
separation, water cleaning, air-sifting). Crushing (primary and secondary) is performed using a 
combination of compressive-type and impact-type crushers, such as the jaw crusher and impact 
crusher. These aggregates are commonly used in lower quality product applications such as road 
base and backfills, where they compete favorably with natural aggregates in many local markets 
today. But despite all the research performed in this area, this material is presently often not 
considered for higher quality product applications such as aggregate for structural concrete, be-
cause of many performance considerations.  

Available experimental evidence of concrete made with such, low-quality recycled aggregate 
vary in wide limits, sometimes are even opposite, but general conclusions about the properties 
of the concrete with recycled coarse aggregate, compared to concrete with natural aggregate 
with the same water-to-cement (w/c) ratio (Hansen, 1992, Yang et al, 2008, Xiao et al, 2005, 
Ajdukiewicz & Kliszczewicz, 2002, Poon et al, 2004, Rahal, 2007, Sanchez & Gutierrez, 2004, 
Malesev et al, 2007, Gómez-Soberón, 2002a, Gómez-Soberón, 2002b, Olorunsogo & Paday-
achee, 2002, Levy & Helene, 2004, Salem et al, 2003, Zaharieva, 2004), are: 

- decreased compressive strength (up to 25%), 
- decreased splitting and flexural tensile strength (up to 10%), 
- decreased modulus of elasticity (up to 45%), 
- increased drying shrinkage (up to 50%), 
- increased creep (up to 50%), 
- increased water absorption (up to 50%),  
- decreased freezing and thawing resistance, 
- similar depth of carbonation,  
- same or slightly increased chloride penetration. 
Given values are the upper bounds of all the analyzed research data. Unfortunately, there is a 

large experimental data scatter because the quality of RAC depends mostly on the quality of re-
cycled aggregate, i.e. the quality of waste concrete which is used for recycling. There is a gen-
eral opinion that RAC will have the same or even better properties comparing to NAC with the 
same w/c ratio if waste concrete has smaller w/c than new RAC made of it (Hansen, 1992). But 
this situation is rarely going to happen in practice because the demolished concrete is usually of 
low quality or it’s a mix of different quality waste concretes originating from different demol-
ishing sites. However, according to most of the published research (Ajdukiewicz & Kliszcze-
wicz, 2002, Malesev et al, 2007, Dosho et al, 1998, Hansen & Narud, 1983), low to middle 
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strength RAC with coarse recycled aggregate (with compressive strength up to 30 MPa – 35 
MPa) can be obtained regardless of the quality of recycled aggregate. From the point of view of 
practical applications and production conditions at recycling plants, this is a very important con-
clusion. 

Properties of RAC with fine and coarse recycled aggregate are even lower and utilization of 
fine recycled aggregate in RAC for structural use is generally not recommended (Hansen, 
1992). For this reason only the RAC made with coarse recycled aggregate and natural fine ag-
gregate is analyzed in this work. 

It is obvious that RAC shouldn’t be used for high strength concrete or aggressive environ-
mental conditions. But its utilization for low to middle strength structural concrete and non-
aggressive exposure conditions, such as X0, XC1 and XC2 exposure classes according to EC2, 
(European Committee for Standardization CEN, 2004) is technically feasible.  

3 TESTS ON RAC AND NAC PROPERTIES 

To perform a comparative analysis of environmental impact of different concrete types, it is 
necessary that they have approximately the same performance: mechanical properties and 
workability, at least. Because of that, the mix proportion of natural aggregate concrete and recy-
cled aggregate concrete is determined so as to both types of concrete have the same compressive 
strength and same workability. Nevertheless, rheological and durability related properties may 
not still be the same and it’s likely that RAC will have a lower durability performance than 
NAC. To enable a comparative environmental impact assessment it is assumed that both types 
of concrete are going to be used for structural elements not exposed to aggressive environment, 
i.e. they are going to be used for indoor dry or dry to wet conditions. 

Coarse recycled aggregate was obtained from demolished thirty years old reinforced concrete 
structure, Figure 1. It was planned to be a facility of the Faculty of Technical Sciences in Novi 
Sad, but it was never finished and the structure has been exposed to weather conditions for more 
than thirty years. The crushing of the concrete waste and screening into three fractions: 4/8 mm, 
8/16 mm and 16/31.5 mm was performed in mobile recycling plant, Figure 2. The properties of 
recycled aggregate were tested and results are shown in Table 1. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Demolition of thirty years old reinforced concrete structure 
 

The component materials used for both concrete types were: 
- Portland cement CEM  I 42.5 R  
- fine aggregate, fraction 0/4 mm (river aggregate, Morava river) 
- two types of coarse aggregate, fractions 4/8 mm, 8/16 mm and 16/31.5 mm: river aggregate 
(Morava river) for NAC and recycled aggregate for RAC 

- water. 
The target concrete strength class for both types was C25/30 (nomenclature according to 

EC2) and the target slump 20 minutes after mixing for both types was 6±1 cm. When waste 
concrete is crushed, a certain amount of mortar and cement paste from original concrete remains 
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attached to stone particles in recycled aggregate. Because of that, recycled aggregate has sig-
nificantly larger water absorption than natural aggregate. To obtain the desired workability of 
RAC it is necessary to add a certain amount of water to saturate recycled aggregate, before or 
during mixing. In this case, dried recycled aggregate was used for RAC production and addi-
tional water quantity was calculated on the basis of recycled aggregate water absorption after 30 
minutes. Cement content, i.e. w/c ratio was then determined on the basis of required compres-
sive strength. This w/c ratio refers to free water content, excluding the amount of additional wa-
ter. No plasticizing admixtures were used. Laboratory tests with various mix proportions were 
performed to determine the mix proportion of RAC which will have the same compressive 
strength and the same slump as NAC. The results, i.e. obtained mix proportions and properties 
of NAC and RAC, are shown in Tables 2-3. 

 

 
Figure 2. Recycling of demolished concrete 

 
Table 1. Recycled aggregate properties 

 

Fraction Property Unit 4/8 8/16 16/31.5 
Quality re-
quirement 

Crushing resistance (in cylinder)  Mass loss (%) 16.7 23.8 29.2 < 30 
Soundness of aggregate Mass loss (%) 1.8 1.4 1.2 < 12 
Content of weak grains (%) 0.6 3.4 6.2 < 3 (4) 
Crushing resistance  
("Los Angeles" test) Mass loss (%) 28.3 30.4 33.1 < 30 

Water absorption after 30 minutes (%) 6.0 4.0 2.0 - 
Fines content (%) 0.38 0.29 0.36 < 1 

Table 2. NAC and RAC mix proportion for concrete strength class C25/30 
Component materials in kg/m3 of concrete NAC RAC 
Cement CEMII/A-M-(S/L) 42.5 R 315 330 

0/4 mm 658 601 
4/8 mm 338 240 (recycled) 
8/16 mm 282 343 (recycled) 
16/31.5 mm 601 532 (recycled) 

Aggregate 

Total 1879 1716 
Water 180 181 + 40* 
Water-to-cement ratio: mv/mc 0.571 0.548 
Aggregate-to-cement ratio: ma/mc 5.965 5.200  
* Additional water quantity for saturation was calculated using results of water absorption of recycled ag-
gregate after 30 minutes. 
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It can be seen from Table 2 that slightly larger amount of cement (about 5%), i.e. slightly 
smaller free water-to-cement ratio is required for RAC than for corresponding NAC in order to 
obtain the same workability and strength.  

 
Table 3. Tested proprties of NAC and RAC 
Property NAC RAC 
Density [kg/m3] 2396 2259 
Slump after 20 minutes [cm] 5.5 7.0 
Compressive strength at 28 days [MPa] 39.2 38.6 

4 ENVIRONMENTAL IMPACT ASSESSMENT 

The environmental impact assessment follows the standard protocol of Life Cycle Assessment 
(LCA) according to ISO 14040 – 14043 (ISO, 1997-2001). Life Cycle Assessment is a method-
ology for evaluating the environmental load of processes and products during their life cycle 
from cradle to grave. According to ISO standards (ISO, 1997-2001), LCA consists of four steps: 
goal and scope definition, creating the life cycle inventory, assessing the environmental impact 
and interpreting the results. 

4.1 Goal and scope definition 
The goal of this study is to compare the environmental impact of the production of two types of 
ready-mixed concrete: natural aggregate concrete (NAC) made with river aggregate and recy-
cled aggregate concrete (RAC) made with natural fine and recycled coarse aggregate. This goal 
determines the system boundaries: the analyzed part of the life cycle includes production and 
transport of raw materials, cement and aggregate, and production and transport of concrete from 
concrete plant to the construction site, Figure 3. 

The construction, service phase and demolition phase are excluded. It is estimated that the 
impact from these life cycle phases is approximately the same for both concrete types, under the 
assumptions explained in chapter 3: same workability and strength, concrete structure not ex-
posed to aggressive environment conditions. Further treatment of the waste products is not con-
sidered in detail: only the amount of produced waste is calculated assuming disposal of in land-
fill for NAC and recycling for RAC.  

The functional unit of 1 m3 of ready-mixed NAC and RAC is used in this work. 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3. Life cycle of concrete structure 
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4.2 Life cycle inventory (LCI) results 
This step of the LCA involves collecting data for each unit process regarding all relevant inputs 
and outputs of energy and mass flow, as well as data on emissions to air, water and land. The 
production of ready-mixed NAC and RAC studied in this paper is located in Serbia, so all the 
LCI data for aggregate, cement and concrete production are collected from local suppliers and 
manufacturers (Marinkovic et al, 2008). Emission data for diesel production and transportation, 
natural gas distribution and transport that couldn’t be collected for local conditions are taken 
from GEMIS data base (Öko-Institut, 2007). Data are taken from no earlier than 2000, so the 
processes analyzed in this work are based on recent technologies and normal production condi-
tions. 

Tables 4-5 show calculated energy requirement and emissions to air for the production and 
transport of 1 m3 of ready-mixed NAC and RAC, respectively. The amounts of component ma-
terials (cement, natural and recycled aggregate) are according to tests performed for determining 
the mix proportions of NAC and RAC with same compressive strength (C25/30) and slump 
(6±1 cm after 20 minutes).  

 
Table 4. Inventory table per 1 m3 of NAC, transport scenario 1 

 

Cement (kg) Aggregate (kg) Concrete Transport   
315.00 NA: 1879.00 1 m3 1 m3 

Total 

Energy (MJ) 
Coal 1061.594     1061.594 
Diesel 7.676 27.772  267.187 302.635 
Natural gas 26.201    26.201 
Electricity 159.917   20.069   179.986 
Emission to air (g) 
CO 1324.016 6.530 0.723 66.836 1398.104 
NOx 717.906 29.273 13.224 175.220 935.623 
SOx 1148.789 10.235 98.754 75.587 1333.364 
CH4 315.866 2.435 0.433 20.894 339.628 
CO2 271278.882 2589.123 5698.210 19257.738 298823.953 
N2O 0.238 0.103 0.029 0.557 0.928 
HCl 21.357  2.680  24.037 
HC 0.183  0.023  0.206 
NMVOC 10.941 0.737 0.071 32.527 44.275 
particles 224.274 2.734 11.991 42.377 281.376 

 

4.2.1 Transport distances 
To calculate LCI data for the life cycle which includes transport, it is necessary to assume trans-
portation types and distances. In this work, transport distances are estimated for the construction 
site located in the capital of Serbia, Belgrade. For that case, the usual transportation distances 
and types in Serbia are as follow:  

- cement is transported by heavy trucks from cement factory to concrete plant and the esti-
mated distance is 150 km, 

- natural river aggregate (sand and gravel) are transported by medium-sized ships from the 
extraction place to concrete plant and the estimated distance is 100 km, 

- recycled aggregate is transported by medium-heavy trucks from recycling plant to concrete 
plant and the estimated distance is 15 km, i.e. it is assumed that recycling plant is located close 
to Belgrade, 

- concrete is transported by concrete mixers from concrete plant to construction site and the 
estimated distance is 10 km. 

This set of data regarding transport types and distances is typical for the construction site lo-
cated in Belgrade and it is called a transport scenario 1 in this work. 
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Table 5. Inventory table per 1m3 of RAC, transport scenario 1 

  

Cement (kg) Aggregate (kg)  Concrete Transport   
330.00 RA: 1115.00 NA: 601.00 1 m3 1 m3 

Total 

Energy (MJ) 
Coal 1112.146     1112.146 
Diesel 8.042 20.271 8.883  248.629 285.824 
Natural gas 27.449     27.449 
Electricity 167.532     20.069   187.601 
Emission to air (g) 
CO 1387.064 4.766 2.088 0.723 62.788 1457.429 
NOx 752.092 21.367 9.363 13.224 155.351 951.398 
SOx 1203.493 7.470 3.274 98.754 70.024 1383.014 
CH4 330.907 1.777 0.779 0.433 19.476 353.372 
CO2 284196.924 1536.387 828.134 5698.210 17889.850 310149.505 
N2O 0.249 0.075 0.033 0.029 0.516 0.903 
HCl 22.374   2.680  25.054 
HC 0.191   0.023  0.214 
NMVOC 11.462 0.537 0.236 0.071 31.413 43.718 
particles 234.954 1.995 0.874 11.991 26.507 276.322 

4.3 Life cycle impact assessment 
LCIA phase evaluates potential environmental impacts and estimates resources used in the 
modelled system. This step consists of three mandatory elements: selection of impact categories, 
classification which means assignment of LCI results (emissions, wastes and resources) to the 
chosen impact categories, and characterization in which the converted LCI results are aggre-
gated into an indicator result. Indicator result is the final result of the mandatory part of a LCIA. 
Normalization, grouping, weighting and additional LCIA data quality analysis are optional steps 
and they are not performed in this study. 

The problem-oriented (mid-points) methodology (Proctor & Gamble, 2005) is chosen for the 
impact assessment. This approach involves the environmental impacts associated with climate 
change, acidification, eutrophication, photochemical oxidant creation, human toxicity, abiotic 
depletion etc. and the impacts can be evaluated using the CML method (Guinée et al, 2001a, 
Guinée et al, 2001b), EDIP method (Wenzel et al, 1997), etc. The CML methodology is chosen 
in this study. 

The environmental impact categories included in this work are: global warming (climate 
change), eutrophication, acidification and photochemical oxidant creation (POC).  They are cal-
culated by multiplying the emission results by their corresponding characterization factors, 
CML methodology (Guinée et al, 2001b). Besides, cumulated energy requirement during the 
studied part of the life cycle is calculated and expressed as energy use, as well as the amount of 
waste produced and depletion of natural mineral resources. 

 
 Table 6. Environmental impacts per 1 m3 of NAC, transport scenario 1 

Energy use Global warming Eutrophication Acidification POC Impact  
category MJ g CO2-eq. g PO4

-3-eq. g SO2-eq. g C2H4-eq. 

Cement 1255.388 279251.727 93.328 1670.117 49.054 
Aggregate 27.772 2683.073 3.805 30.726 0.527 
Concrete 20.069 5718.354 1.719 110.369 0.055 
Transport 267.187 19958.410 22.779 198.241 15.589 
Total 1570.415 307611.565 121.631 2009.453 65.225 
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Calculated impact indicators for chosen impact categories per functional unit (1 m3 of con-
crete) are shown in Tables 6-7, for NAC and RAC, respectively. Indicators are expressed in fol-
lowing units: global warming in g of carbon dioxide equivalent, eutrophication in g of phos-
phate equivalent, acidification in g of sulphur dioxide equivalent and photochemical oxidant 
creation in g of ethylene equivalent. 
 
Table 7. Environmental impacts per 1 m3 of RAC, transport scenario 1 

Energy use Global warming Eutrophication Acidification POC Impact  
category MJ g CO2-eq. g PO4

-3-eq. g SO2-eq. g C2H4-eq. 

Cement 1315.168 292549.429 97.772 1749.647 51.390 
Aggregate 29.153 2462.935 3.995 32.255 0.553 
Concrete 20.069 5718.354 1.719 110.369 0.055 
Transport 248.629 18541.993 20.196 178.770 14.994 
Total 1613.019 319272.711 123.682 2071.040 66.992 

 

4.4 Discussion and interpretation 
Figures 4-8 show the contribution of various phases in raw material extraction and material pro-
duction part of the concrete life cycle to studied impact categories. Figure 9 shows the mineral 
resources depletion and amount of waste for NAC and RAC. The waste amount was calculated 
as if all demolished concrete is disposed of in landfill in case of NAC, and 60% of demolished 
concrete is recycled into recycled aggregate in the case of RAC. 

The results show that the cement production is the largest contributor to all impact categories, 
for NAC and RAC both. In the case of NAC, it causes approximately 80% of the total energy 
use, 91% of the total global warming, 77% of the total eutrophication, 83% of the total acidifi-
cation and 75% of the total POC. Similarly, for RAC, cement production causes 82% of the to-
tal energy use, 92% of the total global warming, 79% of the total eutrophication, 85% of the to-
tal acidification and 77% of the total POC. 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 is very small, while the contribution of 
transport lies somewhere in between.   
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Figure 4. Contribution of NAC and RAC life cycle phases to energy use 
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Figure 5. Contribution of NAC and RAC life cycle phases to global warming 
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Figure 6. Contribution of NAC and RAC life cycle phases to eutrophication 
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Figure 7. Contribution of NAC and RAC life cycle phases to acidification 
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Figure 8. Contribution of NAC and RAC life cycle phases to POC 

 
The environmental impact of RAC and NAC production in terms of calculated impact cate-

gories is approximately the same (look at the total values for each category on Figures 4-8) and 
the benefit from recycling in terms of waste and natural mineral resources depletion minimizing 
is clearly gained, Figure 9. 
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Figure 9. The waste produced and mineral resource depletion per 1 m3 of NAC and RAC 

 
Besides cement production, transport is also a big contributor to the environmental load and 

that directly depends on the transport distances and the type of transport vehicle. If, for example, 
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th

ehicle: in both scenarios, recycled aggregate is assumed to be 
ansported by trucks, while natural (river) aggregate is assumed to be transported by ships 

 
T vironm l impacts RAC, tr rio 2 

e ing ication  

e transport distances for natural and recycled aggregate are equal (which means that recycling 
plant is not located close to construction site) then the overall picture changes. 

Table 8 shows the calculated impacts of RAC for transport scenario 2, which is the same as 
transport scenario 1 except for the transport distance of recycled aggregate. In this scenario it is 
assumed that transport distances for both aggregate types (recycled and natural) are equal to 100 
km. The environmental impacts increase of RAC over NAC for these two transport scenarios is 
shown in Table 9. In scenario 1 case, the total impact of RAC for each category is negligibly 
larger than the impact of NAC, increase ranging from 1.7% to 3.8%. In scenario 2 case, this in-
crease ranges from 11.3% to 36.6% depending on the impact category and it can be considered 
significant. This is a consequence of not only larger transport distance of recycled aggregate, but 
also of different type of transport v
tr
which are less pollutant vehicles. 

able 8. En enta per 1 m3 of ansport scena
Energy us Global warm Eutroph Acidification POC Impact  

category MJ g CO -eq. 2 g PO -3-e4 q. q. g SO -eq. 2 g C H -e2 4

Cement 1315.168 9    292549.42 97.772 1749.647 51.390
Aggregate 29.153 2462.935 3.995 32.255 0.553 
Concrete 
Transport 558.230 41612.226 44.107 394.708 37.116 

2286.978 89.114 

20.069 5718.354 1.719 110.369 0.055 

Total 1922.621 342342.944 147.593 
 

 
Table 9. RAC over NAC 

ransport scenari
over NAC imp rease (%) 

environmental impacts increase for  
different t os 

RAC act incImpact 
category Scenario 1 io 2 Scenar
Energy use 2.58 22.43 
Global warming 3.72 11.29 
E
Aci

utrophication 
dification 2.98 13.81 

POC 2.49 36.63 

1.60 21.35 

 

ironment conditions (risk of corrosion induced by carbonation and chlorides or 
ris

ycling of demolished concrete are of lower quality than natural 
ag

show that a slightly larger amount 

5 CONCLUSION 

According to up-to-date state of research in the area, utilization of recycled aggregates from 
demolished concrete in structural concrete is technically feasible but limited. Firstly, it’s limited 
to utilization of only coarse recycled aggregate, the use of fine recycled aggregate in concrete 
for structural use is generally not recommended. Secondly, the quality of RAC made of fine 
natural and coarse recycled aggregate is limited to low-to-middle strength structural concrete, 
up to class C30/37 (nomenclature according to EC2). Finally, the application of such a RAC in 
aggressive env

k of freeze/thaw and chemical attack) is not recommended because of its uncertain durability 
performance.  

Even with all these limitations, the utilization of recycled aggregates in structural concrete 
should help improving the environmental performance of concrete. Having in mind that aggre-
gates obtained by traditional rec

gregates, and that recycling process consumes considerable energy, the environmental benefit 
from recycling is questionable.  

To get an answer to this question, environmental impacts of production of two types of con-
crete are compared: NAC made entirely with natural river aggregate and RAC made with natu-
ral fine and recycled coarse aggregate. To enable the comparison, mix proportions are deter-
mined so as to both concrete types have the same workability and compressive strength. For that 
reason, a series of laboratory tests are performed and results 
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of

onstruction, service and demolition phase is expected to be approximately 
th

ironmental benefit from RAC over the NAC 
m se to urban areas 
where most of the construction sites are situated. 

Datasheet on RAC with coarse recycled aggregate is provided in Appendix. 

ate 

Eu naging 

 cement (about 5%) is required in RAC mix proportion in order to obtain the same compres-
sive strength and same consistency as corresponding NAC.   

The comparative environmental impact analysis is performed for raw material extraction and 
material production part of the concrete life cycle (including the transport) following the stan-
dard protocol of LCA. The analysis is limited to a type of concrete structure for which non-
aggressive environment conditions apply (such as indoor environment of residential and office 
buildings, for example). Otherwise, the exclusion of service phase wouldn’t be correct, because 
of the possible different durability performance of two concrete types. Under all these assump-
tions, the impact of c

e same for both concrete types, and these phases need not be taken into consideration in com-
parative analysis.     

The LCA results show that the cement production is the largest contributor to environmental 
impact categories: energy use, global warming, eutrophication, acidification and photochemical 
oxidant creation, for NAC and RAC both. Transport is also a big contributor to the environ-
mental load and that directly depends on the transport distances. In this study it is assumed that 
the transport distances for recycled aggregate are smaller than those for natural river aggregate, 
i.e. it is assumed that recycling plant is located close to the urban area, which is normally the 
case. Under this assumption, the environmental impact of RAC and NAC production in terms of 
studied impact categories is approximately the same and the benefit from recycling in terms of 
waste and natural mineral resources depletion minimizing is clearly gained. But in case of equal 
or even larger transport distances of recycled aggregate compared to transport distances of natu-
ral river aggregate, the benefit from recycling can be diminished by the impact of transport. So, 
according to results of this study, to gain the env

ade of natural river aggregate, it is necessary to locate the recycling plants clo
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APPENDIX 1 
DATASHEET ON RECYCLED AGGREGATE CONCRETE  

1. Description of material 
1.1 Field and range of applications 
Recycled aggregate concrete (RAC) is concrete produced with recycled instead of natural aggregate.  
Recycled aggregates from demolished concrete are generally produced by crushing, screening and removing 

 

arse aggregate compared to natural aggregate concrete (NAC)  

 10%) 
%) 

p to 50%) 

g resistance 

sed chloride penetration 

nvironment conditions: X0, XC1 and XC2 exposure classes (nomenclature according to EC2) 

 
10%) and significantly larger 

er) compared to coarse natural aggregate. 
niques 

 

C. 

nt 

the contaminants by magnetic separation, water cleaning or air-sifting. Crushing is performed using a
combination of compressive-type and impact-type crushers, such as jaw crusher and impact crusher. 
Basic properties of RAC with recycled co
with the same water-to-cement ratio are: 
-decreased compressive strength (up to 25%) 
-decreased splitting and tensile strength (up to
-decreased modulus of elasticity (up to 45
-increased drying shrinkage (u
-increased creep (up to 50%) 
-increased water absorption (up to 50%) 
-decreased freezing and thawin
-similar depth of carbonation 
-same or slightly increa
Range of application:  
-low to middle strength structural concrete, up to strength class C30/37 (nomenclature according to EC2) 
-non-aggressive e
1.2 Components 
Same as for NAC: water, cement, aggregate and admixtures, except coarse natural aggregate is replaced with
coarse recycled aggregate. Coarse recycled aggregate has lower density (up to 
water absorption (up to 6 times larg
1.3 Installation tech
Same as for NAC.
1.4 Maintenance 
Same as for NA
1.5 Demolition 
Same as for NAC. 
2. Environmental assessme
2.1 System boundaries 
The goal of this work is to compare the environmental impact of the production of two types of ready-mixed 
concrete: natural aggregate concrete (NAC) made entirely with natural river aggregate and recycled aggregate 
concrete (RAC) made with natural fine and recycled coarse aggregate. To enable a comparative environmental  

to 
at 

o aggressive exposure 

port 

 is  
 both concrete types, and these phases need not be taken into  

dy-mixed RAC and NAC is used. 

s are analyzed. 

impact analysis of two different concrete types, the mix proportion of NAC and RAC is determined so as 
both concretes have the same compressive strength and the same workability. Besides, it is assumed th
both concrete types are going to be used for structural elements not exposed t
conditions, such as indoor environment of residential and office buildings.  
The goal determines the system boundaries: the analyzed part of the life cycle includes production and trans
of raw materials, cement and aggregate, and production and transport of concrete from concrete plant to 
construction site. Under mentioned assumptions, the impact of construction, service and demolition phase
expected to be approximately the same for
consideration in comparative analysis. 
The functional unit of 1 m3 of rea
2.2 Data of considered example 
Two transport scenario
Transport scenario 1: 
- cement is transported by heavy trucks and estimated transport distance is 150 km, 
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- natural river aggregate is transported by ships and estimated transport distance is 100 km, 
-recycled aggregate is transported by trucks and estimated transport distance is 15 km, i.e. it is assumed that 

d by concrete mixers and estimated transport distance is 15 km. 

 is  
 recycled aggregate are the same and equal to 100 km. 

l impact categories included in this work are: 
 

 

dfill in case of NAC, and 
cycled aggregate in the case of RAC. 

recycling plant is located close to construction site, 
-concrete is transporte
Transport scenario 2: 
Same as transport scenario 1, except for the transport distance of recycled aggregate. In this scenario it
assumed that transport distances of natural and
2.3 Environmental impact categories 
The environmenta
-global warming
-euthropication
-acidification 
-photochemical oxidant creation (POC) 
-energy use as cumulated energy requirement for the studied part of the life cycle 
Besides, the amount of produced waste and depletion of natural mineral resources is also calculated. 
These two categories are calculated as if all demolished concrete is disposed of in lan
60% of demolished concrete is recycled into re
3. Inventory and impact assessment results 
LCI data for cement, aggregate and concrete production are collected from local, Serbian suppliers and 
manufacturers. Emission data for diesel production and transportation, natural gas distribution and transport 

data base (generic data). 

lated impact indicators for chosen impact categories per 1 m3 of  RAC, transport scenario 

T vironm  p tra
gy use ming on n 

that couldn't be collected for local conditions are taken from GEMIS 
CML methodology is used for environmental impact assessement. 
Tables 1-2 show calcu
1 and 2, respectively. 

able 1. En ental impacts er 1 m3 of  RAC, nsport scenario 1 
Ener Global war Eutrophicati Acidificatio POC Impact  

category MJ g CO2-eq. g PO4
-3-eq. eq. 

8 9  7  

g SO2-eq. g C2H4-

Cement 1315.16 292549.42 97.772 1749.64 51.390
Aggregate 

ort 
2071.040 66.992 

29.153 2462.935 3.995 32.255 0.553 
Concrete 20.069 5718.354 1.719 110.369 0.055 
Transp 248.629 18541.993 20.196 178.770 14.994 
Total 1613.019 319272.711 123.682  

T vironm s p tra 2 
gy use ming on on 

able 2. En ental impact er 1 m3 of  RAC, nsport scenario 
Ener Global war Eutrophicati Acidificati POC Impact  

category MJ g CO2-eq. g PO4
-3-eq. q. g SO2-eq. g C2H4-e

Cement 1315.168 9  7  292549.42 97.772 1749.64 51.390
Aggregate 

ort 

29.153 2462.935 3.995 32.255 0.553 
Concrete 20.069 5718.354 1.719 110.369 0.055 
Transp 558.230 41612.226 44.107 394.708 37.116 
Total 1922.621 342342.944 147.593 2286.978 89.114  

Table 3 shows calculated impact indicators for chosen impact categories per 1 m3 of  NAC, transport scenario 1 

T vironm  p ra  
gy use ming on  

and transport scenario 2. 
able 3. En ental impacts er 1 m3 of  NAC, t nsport scenario 1 and 2 

Ener Global war Eutrophicati Acidification POC  Impact  
category -3 q. eq. MJ g CO2-eq. g PO4 -e g SO2-eq. g C2H4-

Cement 1255.388 7  7  279251.72 93.328 1670.11 49.054
Aggregate 

ort 

27.772 2683.073 3.805 30.726 0.527 
Concrete 20.069 5718.354 1.719 110.369 0.055 
Transp 267.187 19958.410 22.779 198.241 15.589 
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Total 1570.415 307611.565 121.631 2009.453 65.225 
 
4. Comparison to NAC 
Table 4 shows the comparison between environmental impacts of RAC and NAC for two different transport  
scenarios. In scenario 1 case, the total impact of RAC for each category is negligibly larger than the impact of  

ase ranges from 11.3% to 36.6%,  

T AC over NAC e rent transport scenarios 
AC imp  (%) 

NAC, increase ranging from 1.7% to 3.8%. In scenario 2 case, this incre
depending on the impact category, and it can be considered significant. 

able 4. R nvironmental impact increase for diffe
RAC over N act increaseImpact 

category Scenario 1 io 2 Scenar
Energy use 2.58 22.43 
Global warmi

phication
ng 
 

ication 

3.72 11.29 
Eutro
Acidif

1.60 
2.98 

21.35 
13.81 

POC 2.49 36.63  
If the recycling plant is located close to the construction site, the environmental impacts of RAC and NAC  
production in terms of studied impact categories are approximately the same and the benefit from recycling in 

, 
 

ecessary to 
recycling plants close to urban areas where most of the construction sites are located. 

terms of waste and natural mineral resources depletion minimizing is clearly gained. But in case of equal or  
even larger transport distances of recycled aggregate compared to transport distances of natural river aggregate
the benefit from recycling can be diminished by the impact of transport. So, according to results of this study,
to gain the environmental benefit of RAC over the NAC made with natural river aggregate, it is n
locate the 
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Repair Polymercement Mortar with the ACD Additive 
E.Smetonaitė & R. Norvaišienė 
Institute of Architecture and Construction of Kaunas University of Technology  

In the last years the problem of cement hydro-isolation and concrete water impermeability ac-
quires new actuality. Conventional cement mortar and concrete are known to be fragile, cracky 
and resistant to water.  

As a result of combination of mineral and polymer bonding materials a new material with 
special properties is obtained. Modified concrete with better properties is obtained in case when 
polymer resin or its latex are mixed with the mortar or cement concrete. In case the composition 
of Portland cement and corresponding polymer resin is properly chosen elastic, flexible adhe-
sive building coating is obtained. Because of the properties of coating with acrylic resin of dif-
ferent content and because of the influence of organic fibre on tension strain and deformation it 
can be used for repairing damaged construction made from concrete. 

The aim of the paper is the examination of the dependency of the strength alteration on the 
type of a polymeric dispersion, the composition of mortars and the conditions of their hardening 
and preservation. This paper on repairing of polymercement mortar is provided for interest of 
C25 WG2 (Eco efficiency). 

1 INTRODUCTION 

 
In last years the problem of cement hydro-isolation and concrete water impermeability ac-

quires new actuality. Increasing of the demand for building construction secondary protection 
providing results in distributive and inexpensive hydro-isolating materials need can be achieved 
effectively by using the cement plasters and concrete for making plastering or bearing cover-
ings. Receiving of the cement hydro-isolation with required quantity defines the necessity of 
hydro-isolating cement materials designing and controlling methods improving. 

Conventional cement mortar and concrete are known to be fragile, cracky and resistant to wa-
ter. Their adhesion to the basis is poor. Cement mortar and concrete with polymer additives are 
used for protection of the constructions made from concrete and reinforced concrete, for repair 
and other purposes. Several series of the standards set in Europe are being adopted in Lithuania.  

 As a result of combination of mineral and polymer bonding materials a new material with 
special properties is obtained. Modified concrete with better properties is obtained in case when 
polymer resin or its latex are mixed with the mortar or cement concrete. Theoretical and practi-
cal fundamentals of the modified concrete are widely analysed in the literature (Romachandran, 
1988, Bijte&Lindenan, 1999). In case the composition of Portland cement and corresponding 
polymer resin is properly chosen elastic, flexible adhesive building coating is obtained. Because 
of the properties of coating with acrylic resin of different content and because of the influence 
of organic fibre on tension strain and deformation it can be used for repairing damaged con-
struction made from concrete or reinforced. 
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The aim of the paper is the examination of the dependency of the strength alteration on the 
type of a polymeric dispersion, the composition of mortars and the conditions of their hardening 
and preservation. An attempt has been made to improve the properties of above materials by us-
ing different polymers and very fine minerals additives of concrete. 

2 MATERIALS AND METHODS 

The CEM II A-M 42.5 portlandcement, acrylate copolymer dispersion ACD, latex SKS –65 
GP (b), polyvinil acetate dispersion PVAD and fine quartz sand were used for the experiments. 
Both unplasticized and plasticized (15 % of plasticizers) acrylate dispersions were used. 

The cement-paste and cement-sand mixtures were produced. It appeared that the hardening 
process of the cement paste including polymeric additives long and complicated. That’s why 
very small samples (2x2x2 cm) were made in order to have less contraction and a smaller crack-
ing possibility. In the case of cement and sand samples the 4x4x16 cm prism was formed. The 
samples hardened both in the open air and under laboratory conditions. Some samples after 21 
days of hardening in the open air were put into water for 7 days for the determination of the de-
gree of water saturation and the coefficient of softening. Further, several samples were left in 
water, others were frozen by following the LST L 1413.11 method. During freezing, after satu-
ration, the samples were kept in a special chamber under – 15 oC (and more). Then in order to 
speed the process of decay, they were melted in the 5% NaCl solution. In 24 hours a full freez-
ing – heating cycle was achieved. 

 During the process of deformations were determined with the help of special time indicators 
according to the LST EN 1015-4 method. 

 It should be mentioned that the data regarding the strength by pressure has on exclusively  
referential comparative meaning since, during the pressure, the samples because of their plastic-
ity, get deformed not reaching the degree of decay. That’s why it is difficult to determine the ex-
act point of decay. 

3 RESULTS 

The dependency of the strength by pressure of the cement paste samples after 28 days harden-
ing on the amount acrylic and polyvinyl acetate dispersion as well as butadiene – styrene latex 
has been presented in Fig.1. Other properties, such as the density of the samples, water satura-
tion, the softening coefficient etc. are presented in Table 1. 
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Figure 1. The effect of types and content of polymers additives on the compressive strength specimens 
cement parties. 1-KD, 2-AKD with 15 % of plasticizers, 3-lateks SKS-65GP(b),  4-PVAD 
The curves in Fig. 1 show that the additive with 10 – 20% the additive of 10 – 20% latex SKS – 
65 GP(b), 20 – 30% PVAD and 20 – 40% acrylic considerably increases the strength by pres-
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sure of the samples which harden in the open air. The strength decreases when the samples are 
saturated with water. However, the regularity of the strength alteration remains the same (Fig 1. 
and Table 1). It is characteristic of the majority of cement mortars including polymeric disper-
sion additives (Romachandran, 1988). The relationship between concrete hydro-isolation capa-
bility and its consistence has a main root in impermeability dependence from water-cement ratio 
(W/C). It is known that in this dependence the critical value of W/C exists (Gijutsu, 1987). 

 
Table 1. The effect of additives ACD content on the properties of polymer cement pastes (C/S=1:0) 
specimens (2×2×2 cm)  

Content 
ACD % by ce-
ment mass 

Compressive 
s: strength at day

No 
Unplas-
ticized 

Plasti-
cized 

C
PW +

 

Den-
sity, 
kg/m3

Toughness 
and flexibility 

Water ab-
sorption, 
% 

Softening 
in water 
(RW/Rd) 7 28 soaked 

1 0 – 0.35 1870 Brittle, tough 14.6 0.93 31 35 33 
2 10 – 0.35 1850 Brittle, tough 12.5 0.86 30 37 32 
3 20 – 0.35 1870 Elastic 10.7 0.84 44 59 46 
4 30 – 0.40 1780 Elastic, flexi-

ble 
4.1 0.82 44 57 46 

5 40 – 0.50 1700 Elastic, flexi-
ble 

3.6 0.73 29 47 34 

6 50 – 0.50 1690 Elastic, flexi-
ble 

2.8 0.96 25 26 25 

7 – 10 0.40 1790 Brittle 12.0 0.60 29 31 19 
8 – 20 0.40 1760 Elastic 7.60 0.58 36 43 25 
9 – 30 0.40 1750 Flexible 6.40 0.53 26 42 22 
10 – 40 0.45 1670 Flexible 5.60 0.70 15 25 18 
11 – 50 0.45 1650 Very flexible 3.80 0.92 13 19 17 
12 PVAD 30 0,45 1800 Brittle 6.80 0.80 32 43 34 
13 SKS-

65GP(b) 

20 0.40 1650 Brittle 5.10 0.89 - 44 38 

 
Table 2. The effect of additives ACD content on the properties of polymer cement mortars (C/S=1:1) 
specimens (2×2×2 cm)  

Content ACD % 
by cement mass 

Compressive strength at days: 

No 
Unplas-
ticized 

Plasti-
cized 

C
PW +     

7 28 soaked 
Water ab-
sorption, 
% 

Softening 
in water 
(RW/Rd1.1 ) 1 0 – 0.4 24.00 25.00 28.60 7.10 

2 5 – 0.4 21.70 27.20 24.60 6.60 0.9 
3 10 – 0.4 30.00 37.20 26.90 5.80 0.7 
4 15 – 0.5 37.50 39.40 25.00 3.10 0.7 
5 20 – 0.6 17.70 18.40 11.10 4.30 0.6 
6 20 – 0.5 27.70 38.50 28.20 2.00 0.7 
7 30 – 0.6 17.10 18.20 10.70 0.70 0.6 
8 – 5 0.5 16.00 18.20 16.00 6.50 0.8 
9 – 10 0.5 10.70 16.30 14.30 6.50 0.9 
10 – 15 0.5 10.30 15.70 13.40 3.50 0.8 
11 – 20 0.5 14.00 15.60 11.40 3.60 0.7 
12 – 30 0.6 4.20 12.00 8.60 3.60 0.7 

 
 
 
Water saturation in the samples decreases with the increase of the amount of dispersion. In 

fact, water saturation alters similarly both with the use of the plasticized and unplasticized dis-
persions. However, the acrylic copolymer dispersion increases the elasticity and flexibility of a 
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thin layer (it is not achieved by the PVAD or latex). The greatest flexibility is achieved with the 
use of the plasticized dispersion. 

When testing the samples of 1:1 structure cement and sand mortar with the polymeric addi-
tives, the similar sample strength alteration has been discovered as in the case of the experi-
ments with the cement-paste samples. 

 When the ratio of cement (C) and sand (S) alters from 1:0 to 1:3, the strength by pressure of 
the samples including typical amounts of the polymer dispersions (20% PVAD, 30% ACD al-
ters inconsiderably. The strength is smaller than of the mortars without additives (Fig.2). The 
data was achieved with the use of the 4x4x16 cm samples. The test results regarding these sam-
ples differ from the results achieved with the 2x2x2 cm samples which are determined by the 
different hardening speed and different contraction deformations (especially when the ratios are 
1:0 and 1:1). 
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Fig 2. The effect of proportions of cement and sand (C /S) on the compressive strength of polymer ce-
ment mortars specimens. 1-without polymers, 2 – 20 %, 3 – 30 % ACD, 4 – 50 % ACD. 

 
The alterations of the cement mortars properties after the short-term (up to 7 days) and long-

term (about 360 days) and cyclical freezing-thawing tests when the acrylic copolymer disper-
sion (ACD) was used, were examined. The data in Table 1 and Table 2 show the changes of wa-
ter saturation and softening coefficient (RW/Rd). After the short-term saturation, all strength 
properties of the samples alter in a similar way. In most cases, strength by pressure and bending 
alters with the change of the amount in the ACD additive. With the increase of the ACD addi-
tive for about 30% by the cement mass, the strength of the samples decreases after soaking. The 
ratio RW/Rd increases up to 0,8 – 1,0. 

As it has been mentioned, some hardened samples were left in water up to one year (with oc-
casional examinations), other ones, after having been saturated with water, were frozen in cer-
tain cycles. The 300 freezing–thawing cycles were carried out. During a year, in either case, the 
decay signs did not occur. The test results demonstrated that the polymer–cement mortar sam-
ples hardened in the open air and then soaked in water first get weaker, but later they go on 
hardening and their mechanical strength increases. When cement and sand ratio (C/S) in mortar 
was 1:3, and in its composition was 20 – 50 % of the ACD, after one year of soaking in water, 
the strength increased about 40 % was compared to the initial state. The strength of the samples 
after 300 of freezing–thawing cycles also increased and, approximately, this increase made 
24 % (Fig. 3). 

An even greater effect is achieved with the use of the plasticized ACD. After freezing, com-
pression strength increased about 16 %, but after saturation the increase was 2.7 times. 
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Figure 3. The effect content of AKD on the compressive strength polymer cement specimens (1:3) after 
cyclic freezing – thawing and store up in water 

 
After freezing, the strength of the hardened cement–paste samples (1:0) altered insignifi-

cantly: it remained 90 % of the initial state, i. e. before freezing (Fig. 4). An average mortar 
(1:1) strength increase, in its turn, made around 20 %. From this it follows that the cement–paste 
samples because of their deformation increase during the process of hardening demonstrated a 
greater number of structural defects. 
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Figure 4. The effect of the content (20, 30 and 50 %) on the compressive strength of polymer cement (1:0 
and 1:1) specimen after freezing-thawing cycling 

 
In summary, all the achieved results point to the conclusion that the acrylic copolymer dis-

persion in cement mortars demonstrates the similar impact as observed in the case of the polyvi-
nyl acetate dispersion. However, the main difference of both products is that, in the case of the 
PVAD additive, they are stiff, and in the case of the ACD additive, they are elastic, and their 
thin layers are flexible.  

Besides, in the process of hardening, they demonstrate lower contraction. With the latex 
SKS–65 GP (b) additive, the mortars are also stiff and hard. As it has been determined above, 
they may be used for the hydro-isolation of the building construction. 

The polymer-cement mortars including the ACD additive, with regard to their elasticity, 
flexibility, and resistance to frost, could be useful for the repair of the cracked building con-
structions and for the finishing of external walls. 
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The started research work is continued to combine full recommendations for cement hydro-
isolation and corrosion-resistant isolation designing and providing. 

4 CONCLUSIONS 

During their hardening in the open air the polymer cement mortars including the ACD addi-
tives demonstrate small contraction deformations. The additives in the acrylic co polymeric dis-
persion decrease water saturation of the cement mortars. Even when big amounts of the men-
tioned dispersion are used (up to 50%), the mortar softening index nearly does not change. The 
polymer cement mortars with the ACD additives that were hardened in the open air go on hard-
ening in water and are steady. They also demonstrate high frost resistance.  By combining 
polymer and inorganic binders a material with new properties is obtained, which depending 
upon the content, may be used for protection and repair of the constructions. 
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New performant  materials and technologies to increase the       
energy efficiency in buildings 
 

V. Stoian, D. Dan, L. Berevoescu 
Politehnica University of Timisoara 

 

ABSTRACT: The sustainable buildings are efficient buildings from the point of view of main-
tenance and operation costs, and of which value increases in time, through positive impact on 
the natural and social environment. Sustainable buildings can be achieved by expanding con-
struction engineering at nanometric level. The limits of construction engineering at nanometric 
level may be extended only by the production of new advanced materials, and by using them, 
especially at the glass surfaces, for more resistant envelopes at different external actions which 
may increase considerably the durability period of a building and may increase the energetic ef-
ficiency through a high level thermal insulation. It is important for the construction field to have 
as many information as possible regarding such inventions.  
The paper is related to the subject of COST C25 action WG2, with one the main objective ap-
plication of new materials and new technology. 

1 INTRODUCTION 
 
In the last period new materials have been developed with performant proprieties related to the 
thermal and acoustical insulation. One of them is Thermal Coat Ceramic HB.  

Thermal Coat Ceramic previously known as Thermal-Coat, is a liquid insulation, consisting 
of a mixture of various silicon and ceramic beads blended into a high quality acrylic polymer. 
TC Ceramic is designed to provide both thermal and acoustical insulation for a variety of indus-
trial applications, providing an effective, inexpensive alternative to the high cost of typical insu-
lation systems. Due to its excellent reflectivity and emissivity, TC Ceramic excels at insulating 
structures and equipment from radiant energy gain. 99% of the radiant energy that comes in 
contact with TC Ceramic is either reflected or re-emitted, meaning only 1% of the radiant en-
ergy is absorbed. TC Ceramic also performs very well at protecting personnel from burn haz-
ards on hot or cold structures and equipment. Because it physically adheres to the surface, TC 
Ceramic significantly reduces corrosion and rust formation. TC Ceramic is extremely light-
weight and pliable, therefore, it expands and contracts with the surface to which it is applied. 
The use of TC Ceramic, in place of other insulation, reduces both the space and weight for any 
given structure or piece of equipment.  

 Thermal Coat - is a ceramic liquid polymer with revolutionary properties for energy conser-
vation, developed for protecting objects piloted by uneven thermal radiation acting on the space-
craft (such as the action of the sun heating and cooling their shaded area) and the work is on 
physical principles, different from common insulation materials. Because change and reduce 
costs, it became possible production of this material at a competitive price on a large scale in 
parallel with common insulating materials.  

2 STRUCTURE AND CHARACTERISTICS 

   TC Ceramic HB product is the Thermal Coat formula improved polymer, developed by Cap-
stone Manufacturing LLC (USA) [1]. Based on it’s unique properties allow the application in 
layers with thickness starting from 0.5 mm. The composition of fluid and dense with synthetic 
rubber and acrylic polymers contain also ceramic micro spheres vacuumed containing silicon 
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ceramic and air-filled micro spheres [2]. After applying the surface composition during water 
evaporation and polymerization material around silicone micro spheres, due to the action of 
electrostatic power, the micro spheres are formed cocoons vacuum. 
 

 

 
 

Figure 1. The structure of TC Ceramic HB a new material for construction industry 

Structured in this way silicone and ceramic vacuumed micro spheres created in the composi-
tio

ission 
lin

rough its unique qualities of thermal insulation, volume and minimum weight this product 
of

ial applications, representing an efficient and economi-

antly reduces radiant energy 

al conductivity extremely low; 
orrosion and rust formation;  

mpared to various types of materials;  
se cracks as com-

vandalism – cannot be disassembled, damaged, stolen; 
s important factor in the con-

ersonnel protection;  

port combustion, decomposition at 840 ° C 

nce specific volumetric power - 1 to 1016 ohms; 

 space without ventilation,  

 

n applied a strong elastic structure, which possesses a high degree of thermal resistance. The 
polymer with elastic performances forms a structure of longitudinal layers separated by fine air 
holes. As a result is formed a multilayer elastic membrane who has thermo reflection capacity , 
which prevent moisture penetration and blocks heat flow mechanisms. 

The thermo ceramic paint is widespread applicability in many industries such as transm
es heat (steam, hot water), pipelines and transmission fluids technological lines (gas, hot liq-

uids), construction of houses, industrial, construction equipment, machinery and installations, 
etc.. 

Th
fers the following advantages [2, 3]: 

- thermal insulation for civil and industr
cal alternative to high cost of classical heat insulation systems;  
- excellent radiant reflectivity and emissivity properties – signific
gain;  
- therm
- moisture resistant – helps to prevent c
- sound proofing and high dielectric properties,  
- reduces or eliminates condensation. 
- possess a high degree of adhesion co
- high strength - cannot be easily got off from the applied surface and not cau
mon paint; 
- withstand 
- can be applied to objects with temperatures up to 170 ° C, which i
text of complex processes that do not allow interruptions; 
- TC material is resistant to aggressive environments; 
- very good burn safety characteristics – excellent for p
- light weight – less weight than other insulations;  
- is a fire proof insulating material that does not sup
disengage carbon monoxide and nitrogen such as retain and slow the spread of flame and 
smoke;  
- resista
- reflect UV rays at a rate of 98%, 
- dilute with water allowing work in
- is an organic product and does not generate waste recycled;  
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- ensure a unique surface coating; 
- provide a visual inspection of machined surface, and the opportunity to detect defects at any 

ed for both types of temperatures; 
 supplementary protections; 

dirt;  
 etc.)  

hnological channels; 

able 1 Physical properties [1, 4] 

Cross Hatch Adhesion (ASTM 3359)  100% passed, no failure  

time;  
- is us
- ensure the protection of objects without
- successfully combine with other insulating materials;  
- surfaces treated with TC are easy to clean the dust and 
- apply for complicated surfaces of any shape (valves, gaskets,
- increase the reliability of technical systems overall;  
- release areas and important areas in buildings and tec
- not require supplementary costs during exploitation. 
 
T
 

Flame Spread (ASTM E84-98)  25  
Smoke Developed (ASTM E84-98)  45  
Accelerated Aging (ASTM G53), no primer iscoloration at 200 hours  No d
Brookfield Viscosity, #3 Spindle, 30 rpm  3564 centipoise  
Specific Heat (23ºC)  1.1120 W·s/gm·K  
Thermal Diffusivity (23ºC)  0.00239 cm

2
/sec  

Thermal Conductivity (23ºC)  0.001 W/m·K 
Solar Reflectance (ASTM E903)  0.83  
Emittance (ASTM E408-71)  0.94  
Service Temperature  Continuous:-40

o
F/-40

o
C : 500

o
F/260

o
C 

Maximum Surge: 500
o
F/260

o
C  

3 TECHNOLOGY APPLICATION 

The temperature parameters for TC Ceramic HB allow the product to be applied, in most 
ca

t” as following: 
- c rate free of solvents, 

been cleaned with a solvent, make sure that all solvent oils and protective 

is completely dry; 
ditions persist after clean-

or glaze, can be sanded for optimal adhesion.  

The application of TC Ceramic HB [2] can be made manually using a paint brush or a spray 

ses, without disruption of service or having to shut down a hot surface . The application tem-
perature range is 7.2°C to 170°C (45°F to 340°F). TC ceramic must be applied in successive 
thin coats and each coat must be allowed to dry completely prior to the application of the next 
coat. One “coat” is approximately 0.375mm which is approximately two to three passes with the 
spray gun [3]. The consumption of TC Ceramic HB for one m2 is variable function of the thick-
ness, but usually we have 0.6 – 1 litter for square meter.   

The surface has to be prepared before applying the “coa
lean the surface to be coated with a pressure washer, leaving the subst

grease, dirt or dust; 
- if the surface has 
compounds have been removed from the surface; 
- once cleaned, make sure the surface to be coated 
- although primer is not required for most surfaces, if rust or other con
ing we would recommend a high temperature inorganic zinc primer that can withstand the tem-
perature of the surface to be coated;  
- some surfaces, such as glossy paint, 
 
 
gun. In case of using the paint brush the application of material will be made in the same direc-
tion on all surfaces. 
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Figure 2. General aspects of applications of TC Ceramic HB  

4 FIELDS OF APPLICATIONS 

Because of its excellent adhesion to most surfaces, TC Ceramic HB has been used on brick 
buildings and rooftops all over the world. TC Ceramic HB can be applied directly on a concrete 
surface to provide thermal insulation for the concrete without having to build internal or exter-
nal wall space for insulation. 
 TC Ceramic can be protected from damage or abuse by applying a coat of urethane to in-
crease durability on floors, walls, ceilings, or anywhere high traffic is a concern. 
 TC Ceramic has the highest reflectance (83%) and emissivity (94%) of any products on the 
market. In most facilities, energy costs are reduced without having to remodel the facility. By 
cutting the heat that penetrates the roof, the contraction and expansion of the roof caused by the 
heat will be reduced, thus reducing roof leakage, damage to the roof, and the costs of roof main-
tenance. Insulating from heat intrusion through the roof reduces the costs for air conditioning, 
refrigeration, freezers, or other environmental controls and provides a more comfortable place 
for employees and lower energy costs for commercial warehousing [3]. TC Ceramic will add 
very little weight to the roof as it is 0.5 kg/m2. 
 
  

Figure 3. The effect of  TC Ceramic application at the top roof  
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1 INTRODUCTION 

Passive houses vs. traditional building techniques is an ongoing debate since a few years. The 
issue becomes more and more obvious when we take into account the very volatile energy 
prices on the market today. We propose an approach that takes into account the characteristics 
of each method and tries to shed some light onto the passive-traditional debate. 

2 PRINCIPLES OF PASSIVE HOUSES VS. TRADITIONAL (MAINSTREAM) BUILDS 

A passive house is defined as a building that has a very low energy consumption (max. 15 
kWh/m2/year for heating and cooling and a total energy footprint of less than 120 
kWh/m2/year). A dwelling which achieves passive house standards usually includes a few fea-
tures that distinguish it from mainstream builds. 

2.1 Architectural – formal and functional – differences 

First of all passive houses will distinguish themselves through compact form (good A/V ratio) 
and good insulation. As such all components of the outer shell should achieve a U-value of at 
least 0.15 W/m2K, all this while conventional housing takes less into account the A/V ratio and 
limits the U-values at about 0.3 – 0.7 W/m2K. 

Second, southern orientation and shading are taken into consideration as passive use of solar 
energy is a significant factor in pasive house design, whereas in traditional building planning 
consideration is given to a certain measure to north/south orientation but the improvements re-
sulting from passive site design are often not taken into account. 

Windows are a crucial part of passive house design as they usually provide the weakest part 
of the outer shell – energy-wise. As such the windows used in passive houses should have U-
values not exceeding 0.80 W/m2K (glazing and frames combined) with a solar heat-gain coeffi-
cient of around 50%. Typical U-values in traditional houses are in the range of 1.8 – 2.2 
W/m2K. 

Comparative study of traditional and passive residential houses 

V. Stoian, D. Stoian, I. Botea, D. Dan 
Politehnica University Timisoara, Timisoara, Romania 

Z. Hunyadi 
BME, Budapest University of Technology and Economics, Hungary 

ABSTRACT: Within the collaborative study, a residential house will be designed as traditional
and passive house according to Romanian building code. The amount of materials used and the
initial cost of both houses will be calculated and then compared. Although the initial cost of the 
passive house is expected to be higher than that of the traditional one, the aim of the study is to
see how the operation cost and the life-cycle cost will be for both cases. It is thought that it will
be interesting to make a comparison between them. 
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Figure 1. Ground floor plan of the proposed dwelling 
 

 
The building envelope should be airtight in passive houses – insuring an air leakage rate of 

maximum 0.6 volumes per hour at a 50 Pa pressure difference between the interior and the exte-
rior. Mainstream builds require only some airtightness, the norm actually takes into account a 
natural air change rate of at least 0.5 volumes per hour – achievable by opening the windows. 
Other standards require an airtightness at least 10 times poorer than passive house standards. 

Other key points include a ventilation system with heat recovery running at an efficiency of 
at least 80% so that most of the heat is contained inside the house, preheating of the intake air 
for the ventilation system through underground heat exchangers (air-soil) so that the fresh air 
will be preheated to ca. 5°C even in wintertime. These measures have little significance for a 
traditional house with high air permeability where ventilation is usually achieved by opening the 
windows/doors or by using trickle vents or extract fans. 

Energy-saving appliances are a must in a passive house as the requirement of a total energy 
footprint of less than 120 kWh/m2/year imposes certain restrictions. 

2.2 Insulation 

As previously stated the building components of a passive house should have superior insulating 
properties. The limiting U-value of 0.15 W/m2K places the thickness of the insulation at around 
30-40 cm (Fig. 4) given the use of traditional materials like polystyrene foam or mineral wool. 
With such a highly insulating outer shell extraordinary care must be taken to avoid thermal 
bridges altogether, posing a series of technical difficulties. The continuity of the insulation in a 
passive house is an important matter since heat losses through even small thermal bridges have 
a very large impact on the global energy balance. The entire heated volume of the building 
should be wrapped in a continuous insulating shell, from below the foundations, running up the 
walls and over the roof. 
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Figure 2. First floor plan of the proposed dwelling 
 
Windows with U-values not exceeding 0.80  W/m2K (glazing and frames combined) with a 

solar heat-gain coefficient of around 50% usually have triple glazing and provide in wintertime 
for most of the heat gain necessary to maintain a comfortable indoor climate. Special care must 
be shown towards better quality frames for the windows as they constitute ca. 30-40% of the 
window surface and only contribute to the heat loss, exhibiting no solar gain. 

The superior insulating materials of a passive house also provide for a generally better indoor 
climate through higher inner surface temperatures in wintertime and lower in summertime, pro-
viding for a lack of cold surfaces – detrimental to comfort – and a decreased chance of conden-
sation as well as protection from the high summer temperatures. 

 

Figure 3. Section of the proposed dwelling 
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3 PROTECTION AGAINST NOISE 

3.1 Requirements 

Our expectations to building envelopes are always that they provide the highest possible 
protection against external effects, and at the same time there is still a connection remaining 
between the indoor and outdoor spaces. In case of a villa-sized passive house it is a particularly 
important expectation. 

The acoustic expectation to building envelopes is to provide efficient protection against 
external noises, and to warrant the noise level adequate to the proper use of the room behind the 
facade. The noise level of residental areas is defined by the noise coming through the external 
constructions and the noise induced by the technical equipment necessary to use the room 
properly. In each country the requirements which are adequate to usage are regulated in orders, 
the interpretations and value of the requirements are more or less different. These required 
values only rule a compulsory minimum value, treshold value which depend on the nature of the 
usage (relaxation, intellectual activity). The factual required value is defined by the level of 
demand  of the Principal and the Client, and it is strongly influenced by the noise level of the 
area as well. The compulsary minimum value is usually ~ LA=30 dB(A). Regarding protection 
of the indoor space against noise, it is most favorable if the required value refers to the resultant 
value coming from the different sources of noise.. However, this is unfavorable from the point 
of view of design, because in case of a building which is located in noisy surroundings, it causes 
the usage of technical equipment which meets stricter requirements. 

3.2 Noise that loads the indoor space of a residential building formed as a passive building 

3.2.1 Protection against traffic noise 

The facade constructions of passive buildings are substantially different from the facades of 
traditionally constructed buildings basically in two respects: the thickness of layers of the heat 
insulation in facade walls is increased from 6-10 cm to appr. 30 cm, and the windows are 
usually non-openable, furthermore fixed glasing constructions; multi-winged doors with a large 
surface or sliding door cabinets are not used either. The sound energy getting into the indoor 
space can be calculated gear to the sound power loading the façade (the roof) - according to 
expression (1) – by the resultant, weighted laboratory sound reduction index of facade 
constructions: 

where 

Si  the nominal extent of the façade components (solid wall, window, air inlet) 
Rwi laboratory sound reduction index of façade component, 

Let’s examine the differences of characteristics prevailing between the noise insulation of 
passive buildings and traditionally constructed buildings. 

The sound reduction index Rw of a 25 cm thick masonry of a solid wall structure consisting of 
Porotherm walling blocks (PTH 25) - due to its skeleton rib system - is considerably more 
favorable, than that of elements developed expressly for the purpose of facade walls (P TH 30, 
PTH 38, or HS). The thick heat insulation cladding could have however an unfavorable effect. 
Wall claddings - which are developed with the most often used, appr. 6 cm thick PS foam and a 
3-5 mm thin plaster - often cause unfavorable resonance in the medium frequency range 
depending on the modulus of elasticity of the heat insulation material, and it also causes a 
reduction of the Rw sound reduction index by ΔRw=1-5 dB. However, a remarkable increase of 
the thinkness of the heat insulation material decreases the resonance under 100 Hz, so that its 
unfavorable effect doesn’t prevail. The use of a heat insulation material – which has a favorable 
modulus of elasticity – and of a thick façade plaster having a surface square weight of >25 
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kg/m2 results in more safety and a higher sound insulation (Rw= 4-6 dB). This way - using a 
solid facade wall -, the masonry, which has a (laboratory) sound insulation of above 50 dB, can 
be used in noisy areas as well. 

The sound insulating properties of fixed glasing, non-openable windows result in favorable 
changes as well. There is no need to calculate with the sound reduction effect of gaps situated 
between the frame and the sash, and the size of the window sash profile doesn’t set a limit to the 
thickness of layers and the weight of the applicable glasing. It results in a favorable possibility 
of using a favorable window construction regarding heat and sound insulation. Consequently, it 
is hardly limited to choose the favorable construction. There is only one door in the living room 
which requires attention when its adequate sound insulation is designed.  Inserting of door and 
window constructions into the façade walls and its solution are determining questions regarding 
the adequate heat insulation and the protection against external noise. Protection against noises 
requires that the window frame connects to the high sound-absorbing walls in an airtight way, 
while it meets the heat insulation requirements only if the window frame connects to a heat-
insulating skin. Due to the big difference prevailing between the thickness of the window frame 
and the heat insulating layer, the need of using a double skin window arises, even though the 
usage of this kind of windows – and especially this kind of door – is particularly troublesome.  

Also equipment providing air intake and ventilation to maintain an appropriate air exchange 
may transmit sound energy between the internal and external spaces. In passive buildings, a 
ventilation system operating through an air-duct network is used, instead of individual devices 
installed in each room. 

Figure 4. Typical wall cross section of passive house 
 

3.2.2 Reducing the noise of technical supplies 

In case of a passive building, the range of technical equipment supporting the proper operation 
of the building (heating, lighting) is completed with a ventilation system providing continuous 
ventilation. The system of pipes allows the installation of dimensioned silencer units. There are 
several reasons to use silencer units: to reduce the noise of the ventilator and to prevent any 
sound tranmission taking place between the individual resindential areas. 
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The diameter of the designed, continuously operating air-duct is at most 150 mm, which can 
be installed in the area of the suspended ceiling. Due to the surplus space requirement of the 
applied silencer units (the diameter is ~130 mm), therefore together with the required space 
necessary for the installation works at least this free internal space must be provided for in the 
area of the suspended ceiling, along the room connections. Due to the low speed of flow of the 
air (va = 0,35 m/s), the diffusers do not represent further sources of noise. 

4 BUILDING TECHNOLOGY FOR TRADITIONAL AND PASSIVE HOUSES 

4.1 Insulation 

The requirements for passive houses also mean that certain problems have to be solved in order 
to attain strict conditions. The high thickness of insulation poses certain problems as it must be 
continuous. Special types of insulation must be used under the foundations in order to insure 
stability of the building. Particular details have to be addressed in suspending the insulation on 
the exterior of the walls, in order not to create thermal bridges. These problems are usually dealt 
with less care in a traditional building because of the lesser influence they have on the overall 
result. 

4.2 Thermal bridges 

Thermal bridges become really relevant only in a highly insulated outer shell as an uninsulated 
building consists mostly of thermal bridges. Thermal bridge definition is somewhat different in 
a passive house compared to a traditional house. Generally passive houses are designed that the 
ψ factor of any thermal bridge is kept at a maximum of 0,010 W/(m²K). In these conditions any 
protrusion through the insulating shell must be carefully planned because otherwise the effect 
can be catastrophic on the energy balance. 

Figure 5. Passive house roof detail 
 

4.3 Airtightness 

Particular attention is paid to good airtightness of a passive house. If a passive house is built in a 
brick and mortar fashion, usually the inner render layer doubles as an airtight layer. If the build-
ing technology is in wood or steel, different measures have to be taken: usually an airtight layer 
of PE membrane or a similar material is applied on the interior of the building, beneath the final 
render layer. 

4.4 Windows 

Also important are the window details: windows should be mounted in such a manner that the 
fixing method does not allow for thermal bridges and provides for good airtightness. Usually a 
separate PE or similar membrane is used to provide this level of airtightness. 
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Figure 6. Passive house window mounting detail 
 

5 COMPARATIVE ENERGY CONSUMPTION EVALUATION 

5.1 Algorithms for determining energy consumption 

The energy consumption assessment has been developed according to two methods of calcula-
tion: the traditional calculation method and the passivhaus calculation method. While the tradi-
tional method can be applied to passive houses the results do not correspond with the passive 
house calculation method results. Opposite, the passive house method can be applied to tradi-
tional houses yielding similar results. 

5.2 Differences in assessment methods 

First and foremost we must point out that there are fundamental differences in the approach to 
energy consumption assessment according to each method. 

The traditional energy consumption calculation method uses a global insulation coefficient 
for the entire building (G) – an average thermal transmittance value for the entire shell of the 
building. G is then used to determine the necessary energy per 1 m2.  

The passivhaus method involves a calculation of all the heat losses separately through all the 
surfaces comprising the building envelope, taking into account different U-values for different 
materials which eventually yields a total energy consumption for the entire house, which is then 
divided by the area of the building in order to obtain the necessary energy per 1 m2.  

Different factors also apply for shading, window to window connection heat loss, free heating 
energy as a result of building use resulting in a different result between the two methods. 

5.3 Results 

The assessment presented here takes into account the energy consumption needed for heating a 
residential building with a net floor area of 142 m2 in winter, calculated according to the two 
methods. 

Table 1. Traditional vs. passive house energy evaluation (kWh/(m2year)) _________________________________________________________ 

Method       Traditional    Passive _____________________________________________________ 

Energy consumption       33.54      21 _____________________________________________________ 
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6 FINANCIAL AND LIFE CYCLE COST 

6.1 Financial assessment 

Table 2 shows the building and design cost for a passive house relative to an equivalent (an 
identical layout with equal net area and volume) traditional house. 

Table 2. Traditional vs. passive house building cost evaluation (euro) _________________________________________________________ 

Building method    Traditional    Passive _________________________________________________________ 

Building cost         101.600    120.000 _________________________________________________________ 

 
An easy conclusion for anyone is that a passive house is somewhat more expensive than a tradi-
tional house at the time of building. 

6.2 Life cycle cost 

Table 3 shows the comparative cost assessment for the same two buildings as before after a life-
span of 20 years. The lifespan taken into consideration was chosen according to current trends 
on the house market but usually a dwellings are expected to last longer than the studied period. 

Table 3. Traditional vs. passive house life cycle cost evaluation – 20 years (euro) _________________________________________________________ 

Building method    Traditional    Passive _________________________________________________________ 

Lifecycle cost         208.400    183.400 _________________________________________________________ 

 
As it can easily be seen a passive house will consume less energy during its lifetime and is a 
viable economical alternative. 

7 CONCLUSION 

Passive houses are somewhat more expensive in the first moment but the costs level out in time. 
In a few years time after construction the passive house will have recuperated the additional cost 
required in building it and will start saving for its owner. Through the extremely low energy 
consumption, a passive house has a lower impact on the environment and on the longterm 
seems to be a viable alternative to current building standards. 
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1 INTRODUCTION 

The method of Life Cycle Costs is a method through which it is intended to improve the deci-
sion 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 con-
structions cost, the base principle of „life cycle cost in investments” is: 
 

Value of the investment (I)+Maintenance expenses (Ci)+Exploitation expenses (Ce) 
-Residual value in a lifetime (Vr)=> MINIM 

 

 Utilization of the notion of investment Life Cycle Cost was determined by factors such as: 
understanding the fact that “cheap” decisions at the beginning were generating future higher 
costs, usage of the built patrimony and the necessity of some further expensive remedies or re-
habilitations, the higher increase of exploitation costs as a result of higher prices for fuel, en-
ergy, etc. 
 The moment of decision comparative to life cycle cost is the one before making the so called 
investment, respectively the designing stage when are decided in a rate of 70% the initial ex-
penses 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 life cycle 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: 
 

Life Cycle Cost = Initial costs + Further costs 
 
 As mathematic expression, the life cycle 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: 
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ABSTRACT: In this work the authors present the comparative analysis of the Life Cycle Costs 
for a building with the function of Emergency Hospital in taking the decision of investment or 
not for the rehabilitation of the hospital. At the moment of decision the costs of rehabilitation 
were very high according to the inventory value of the building. By using such method it could 
be chosen even from design stage the most advantage option from the point of view of initial 
costs as of the ulterior costs. 
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where: 
I = initial investments considered for simplification as being consumed at the time mark chosen 
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 
 
 
2. COMPONENT ELEMENTS OF THE LIFE CYCLE COSTS 
 
In accordance with [1], the component elements of LCC 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 ob-
jects 
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.  
 According to specialist’s opinion, for houses constructions the situation is as it follows: 

- the current repairing works represents, at entire work categories, almost 50% from the 
complete repairing; 

- maintenance works at constructions, almost 70% from the current repairing works, and for 
installations, almost the same value;  

- from the category of works, the construction ones have the maximum, representing almost 
85% from total;  

- from the installation works, it is observed that the higher value is for sanitary installations, 
then heating installation, electrical and gas installation.  

 
2.3. Analyze period (n) 
 
Represents the period established for studding of component elements of LCC, 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 LCC analyze. 
Choosing a long time period, creates difficulties under the price estimation item, technological 
changes, economically, etc.  
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 Although, considering the fact that the “products” from construction generally have long time 
period of utilization, the analyzes can’t be concluded for too long periods.  
 Choosing the most appropriate period for a LCC study it is realized with the help of the in-
vestor and taking into account that, a longer period of the analyzed object, allows a longer ana-
lyze period, with an lower actualization rate. Reverse, a shorter period implies a shorter analyze 
period and an higher actualization rate. 
 
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 ac-
tualization factors. 
 The recommended mark date is the moment of decision (analyze) due to the fact that empha-
size the filling of proportion at current realities and creates the impression of engagement with a 
higher responsibility in the investment decisions. 
 
2.5. Actualizations factors (Fit) 
 
The actualization factors represent the correction coefficients of the costs registered at different 
period of times from the analyzed period, in order to make possible their equivalent in propor-
tion 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 aren’t immediately pro-
ductive. Considering some authors that is determined by many factors among which: installment 
rate, turnover rate, national turnover increase rate and may by assimilated with those.  
 
 
3. APPLICATION: THE REHABILITATION OF AN EMERGENCY HOSPITAL [2] 
 
3.1. The building structure: 

- infrastructure: continuous foundations of reinforced concrete of 30 cm : 
- superstructure: from transversal and longitudinal diaphragms g = 15 cm, pillars of 30 x 30 
cm of reinforced concrete 
- internal walls of lightweight concrete block masonry of 10 cm 
- beams of reinforced concrete on the facades above the windows of 30 x 60 cm 

 
3.2. The building envelope 
 

- external walls – masonry of lightweight concrete block masonry of 30 cm 
- external plaster of cement of 2.5 thickness 
- internal plaster of cement mortar of 2 cm thickness 
- at the 2nd floor of the building, on the north and west facades respectively partially on to-

wards the interior yards part of the windows are replaced with PVC joinery with thermal 
insulated glass (almost 18% from the total joinery) 

- the platform above the second floor from reinforced concrete of 15 cm insulated with light-
weight concrete plates of 12 cm 

- platform above the technical ground floor: from reinforced concrete of 15 cm without ther-
mal insulation. 
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3.3 Technical situation from the point of view of quality requirements 
 
Because of the modifications, rearrangement of the medical devices and installation of the new 
devices with higher energy consumption, the electrical networks are overloaded and because of 
their oldness are no more safe in exploitation, fire resistance. Because of the lack of thermal in-
sulation at the external part of the building and because of the pour state of the existent wooden 
joinery it isn’t followed the quality requirement regarding the thermal insulation and economy 
of energy. 
Inventory value (2008) 6.063.654,56 Lei respectively 1 450 000 Euro. 
 
3.4. Conclusions of thermal and energetic analysis 
 
According to comparative analysis of the obtained results, we clearly conclude that the actual 
energetic performance of the building is far from the minimal requirements regarding the ener-
getic and thermal efficiency expected for the reference building 
 Annual consumption of energy is qinc

an=765 kWh/m2·year, which represents of 2.01 more 
than the annual specific consumption of heating for the heating of the reference building 
 Analyzing the obtained values based on the calculations for the appreciation of the thermal 
and energetic performances of the building, the specialists concluded that it is obligatory the 
thermal rehabilitation of the building, in this scope being suggested three constructive options. 
 Although all three options are satisfactory from the point of view of the thermal rehabilitation 
norms for the buildings from our country, economical analysis concluded that the recommended 
solution for thermal rehabilitation of the building is the maximal package of measures (IIIrd op-
tion). That option of rehabilitation assures also the future exigencies for energetic performance 
of the buildings which are considered to be imposed for the buildings after the year 2010. The 
mentioned results justifies the energetic and economic efficiencies of the thermal rehabilitation 
action of the external part of the building with benefic influences considering the thermal com-
fort, reducing of energetic consumption in exploitation and of environment protection. The IIIrd 
option includes also interventions on the external part of the building and on the building instal-
lations. 
 Interventions on the external part of the building includes also: 

- external insulation of the walls with polystyrene for the façade with thickness of 15 cm 
having ρ= 20...40 kg/m3  and thermal conductivity λ = 0,040 W/(m.K); 

- external insulation of the walls around the halls with façade polystyrene with thickness of 
3 cm having ρ= 20...40 kg/m3  and thermal conductivity λ = 0,040 W/(m.K) – the only 
choice; 

- replacement of the wooden joinery with PVC joinery, with double insulated glass 4-16-4 
with inert gas AR (equipped with natural circulation inclinations of the air between the in-
terior and exterior area) with R’ = 0,55 m2K/W (the only choice); 

- insulation of the platform above the last level (the terrace) with extruded polystyrene with 
thickness of 20 cm and thermal conductivity λ = 0,042 W/(m.K); 

- -thermal insulation above the underground level with cellular polystyrene of 10 cm thick-
ness installed behind the existent concrete platform, with cu λ = 0,040 W/(m.K) (the only 
choice); 

- insulation of the plinth with extruded polystyrene with thickness of 10 cm, water resistant 
(the only choice). At the inferior part, the thermal insulated layer must at least be until the 
CTS, but it is recommended to go under that quotation. In order to achieve a better me-
chanical resistance for static and dynamic actions, the protection layer of the thermal insu-
lation will be realized from a mortar layer of cement M100 T of 4-5 cm thickness, rein-
forced with welded mesh STNB φ4- 5 /100 x 100 and eventually supplementary with other 
mesh. 

 
 Interventions on the respective installations of the building is focused on reducing the thermal 
energy consumption for the heating, hot water and electric installations. The interventions will 
be at distributions level and at user level. Considering the oldness of the installations (37 years) 
and the poor situation of the interior heating installations it is suggested the entire replacement 
of those. 
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The measures at the distribution installations level are: 
- it will be replaced all distribution pipes of thermal agent and hot and cold water at the un-

derground level at the level of the ground floor 
- it will be included closing valves on the main branches 
- it will be dimensioned accordingly the thickness of the thermal insulation for the pipes at 

underground level  
- readjustment of the circuits which supplies the heating elements 
- replacement of all empty valves from the base of the heating columns. 

 
The measures at the internal installations are: 

- replacement of all static elements of heating and of the distribution columns from the inte-
rior of the building 

- acquisition and installation of timer valves and flow meters – for static elements 
- endowment of the underground sewerage with valves against over flow of the street sewer-

age 
- insulation of whole pipes ( heating, cold and warm water) which passes over unheated 

rooms so as the heating loses to be minimal, the thickness of thermal insulation will be 
minimum 0 .75 x d, λ= min 0,05 W/mK 

- at the property limit will be installed an thermal energy counter (common for Hospital and 
Specialty Ambulatory). 

 
 The measures of installation rehabilitation will lead to increase the efficiency of heating in-
stallation be assuring a proper circulation of the thermal agent and elimination of losses of 
thermal agent from internal installation. 
 The main technical solutions of increasing the energetic efficiency specific for the hospital 
buildings are: 

- reconsidering ,as much as possible, of the thermal energy distribution by separation of the 
circuits on areas which profits of the same thermal treatment and operation program; 

- improvement of the automation degree of the installations, together with application of 
some exploitation rules, according to the category of the hospital building, the mode of oc-
cupation, work program and weather conditions; 

- assurance of thermal adjustment of heating according to the type of rooms; 
- reducing of heating supply during the period when the building it is not placed in (at the 

Specialty Ambulatory underground level and first floor); 
- reducing of cold air infiltrations, by sealing the joints of the mobile elements (doors, win-

dows) simultaneously with assurance of natural ventilation organized of the occupied 
spaces; 

- endowment of the underground sewerage with valves against overflow of the street sewer-
age; 

- insulation of all pipes from the unheated rooms, so as the heating losses to be minimal, the 
thermal insulation thickness will be of . 0,75 x d,λ= min 0,05 W/mK; 

- at the quality adjustment may be associated programming systems (optimization) generally 
limited at simple “meters” programming, which achieves a reducing of the temperature 
during the night; 

- replacement of the cast iron radiators with modern radiators from steel, with higher power 
on sqm of radiator; 

- replacement of the double adjustment valves with meter valves; 
- replacement of heating columns with copper columns or steel columns; 
- readjustment of the circuits which supplies the heating elements functioning with hot water 

(from thermal point of view – by local reducing of the insulation, and from hydraulic point 
of view – by flow range reducing); 

- replacement of the connections at the heating elements with pipes from copper or steel; 
- installment of aeration vessels at the upper part of the columns, on the go and back pipes; 
- installment of empty valves at the lower part of the installation at the ground level in an 

accessible place; 
- installment of an thermal insulation layer behind the radiators and a protection layer The 

thickness of thermal insulation it is determined from condition R’>1,2 R; 
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- thermal resistance of the joinery from the radiator area will be at least 0,6 mpK/W; 
- it will be replaced the lighting elements, the sockets, the panels, electric conductors and 

protection tubes, with new and improved equipments; 
- the in lighting system will be semi-direct (SIL-SD). Because the quantity of light flux sent 

towards the platform is higher, its luminance increases, which assures a lower difference 
between the platform luminance and the enlightens element luminance as of the other areas 
from the room, achieving an lighting comfort; 

- from the point of view of energetic performance, the inlighting system must be dimen-
sioned such as the energy consumption to be minimal, under the conditions of achieving an 
proper lighting environment for the human activity. 

 
 Comparing to the performances of analyzed building, after the suggested interventions, the 
thermal energetic performances of the rehabilitated building will achieve to more improved val-
ues, Such as the consumption of heating specific annually it will be reduced at qin-

c
an=478[kWh/(m2·an)]. 

 Under those conditioned it remains to be demonstrated if the recommended interventions are 
justified also from the investment point of view. For that it will be used as analysis method the 
Method of life cycle costs considering the investment values from the general bill. 
 The estimation costs of the investment for the recommended modernization option, according 
to the structure of general bill (prices – month 07 year 2009, 1 euro = 4,2390 lei, exchange rate 
European Central Bank at 20.07.2009) are: Total with VAT: 22.496.737 lei( 5.307.086 EURO). 
Solution of application will be made according to Guideline regarding the application of Life 
Cycle Costs in construction field,  General department of science research and  constructions 
economy, Constructions Research Institute – INCERC, Authors Jana Suler, Actualization fac-
tors are already calculated for a period of 40 years in Addendum 1 and Addendum 3. 
 
3.5. Comparative analyze of LCC for Emergency Hospital composed Basement+Ground+2 
Floor (S+ P+2E), A=5787mp 
 
Analyze object: 
Two variants: 
-V1: hospital P+2E, ACD=5786,91 mp, unrehabilitated 
-V2: hospital P+2E, ACD=5786,91 mp, rehabilitated (structure + thermal and energy rehabilita-
tion at the external part and installations). 
 

 
 Auxiliary data of calculation: 
It is supposed that the actualization interest is a=10%, and the fuel cost rises with an annual in-
stallment e=5%. The costs are expressed in present values, so the mark date is the moment of 
decision. 
 Handling the problem: 
The life cycle 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. 
 
 

No Initial Data 
Variants 

V1: hospital P+2E, 
A=5786,91mp, unrehabilitated 

V2:hospital P+2E, 
A=5786,91mp, rehabilitated 

1 The analyze period 20 years 20 years 
2 Initial value 1.450.000 Euro 5.307.086 +1.450.000 Euro= 

6.757.086 Euro 
3 Unexpended value 725.000 Euro 3.378.543 Euro 
4 Costs for mainte-

nance and repairing 
2.653.500Euro 200.000 Euro 

5 Replacement Costs 0 0 
6 Cost of functioning 

energy 
527.030  Euro/year 329.308  Euro/year 
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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 nec-
essary. 
In conclusion: 1.450.000Euro x 1 = 1.450.000 Euro and 6.757.086  Euro x 1 = 6.757.086Euro 
 
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: 
   725.000 Euro x 0,149 = 108.025 Euro, respective V2: 
3.378.543 Euro x 0,149 = 503.402 Euro 
 
4. The actualized value of maintenance and repairing costs: 
 
In order to calculate uniformal payments for establishing a future trust, it will be applied the fac-
tors F5. So, in order to get in 20 years a specific sum for repairments, the actualization factor 
corresponding to a = 10% and t = 20 years is F5 =0,01746. 
2.653.500 Euro x 0,01746 = 46.330 Euro. 
   200.000 Euro x 0,01746 =   3.500 Euro. 
 
5. 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:     527.030 Euro x 32,95 = 17.365.638 Euro 
And for the V2:   329.308 Euro x 32,95 = 10.850.698 Euro 
The life cycle cost of the V1 in actualized values will be: 
LCC1= 1.450.000 Euro +46.330 Euro+ 0 + 17.365.638 Euro -108.025 Euro = 18.753.943 Euro 
The life cycle cost of the V2 in actualized values will be: 
LCC2= 6.757.086 Euro + 3500 Euro + 0 +10.850.698 -503.402 Euro = 17.108.000 Euro 
Conclusion:  LCC2 < LCC1 
Results that V2, is more advantageous than V1, although it costs more initially. As it may be 
observed although that at the moment of decision V1 is cheaper with 5.307.086 euro than V2, 
according to Life Cycle Cost, after 20 years the owner will have an advantage of almost 
1.647.000 Euro, because of, mainly, the reduced consumption of fuel. 
 
 
4. CONCLUSIONS 
 
The life cycle 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, mod-
ernizations, rehabilitations. 
 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 life 
cycle cost (intervention and maintenance during a contracting period of many years). 
 The principle of life cycle 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 invi-
tation 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 
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final choice it isn’t made based on minimum price, but on the criteria of the best proportion 
works / maintenance. 
 As it may be conclude from hereby work and in the situation of the Emergency Hospital by 
calculating the life cycle cost of the investment it could be choused the most efficient option on 
long period of time. Even if at the moment of decision the building rehabilitation requested a 
supplementary investment 5.307.086 euro, according to the life cycle cost, after 20 years the 
owner will have an advantage of 1.647.000 euro because in the main part for the reduced con-
sumption of fuel. To this advantage will be added the comfort in which will be developed the 
activity during this period of time. 
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ABSTRACT: The scope of this project is to perform Life Cycle Cost Analysis (LCCA) 
on different types of bridges, in order to learn which is most cost-efficient in a particular 
situation. A second scope is to study the impact of different cost items on the whole Life 
Cycle Cost. The work is performed to enable optimal strategic decisions regarding future 
investments. 

Beam and Slab Bridges, Slab Bridges and Slab Frame Bridges are analyzed. The 
bridges are located in the north of Sweden, in the regions of Norrbotten and Västerbotten. 
All bridges have a total length of around 20 m, which is the most common length in 
Sweden and in Europe.  

Furthermore, the analysis includes Timber and Soil-Steel bridges in order to 
understand the prospects for this types of bridges in Sweden. The analysis does not focus 
on a particular bridge but, based on information from some Swedish producers, it studies 
different scenarios.   
The data collection covers initial investments, maintenance, repair and rehabilitation 
(MR&R) costs, user and demolition costs.   

 

 

1 INTRODUCTION 

Constant efforts of all bridge owners are to reduce the costs for the maintenance, repair and 
rehabilitation (MR&R) and disturbances for users of roads and bridges. One way to approach this 
goal is to collect information and gain knowledge about the previous maintenance costs and 
investment for different types of bridges and integrate these data with the future planning of 
MR&R. The data collected in this way will be used to perform the Life-Cycle Cost Analysis. 

Furthermore, Life-Cycle Cost Analysis is a more and more recognized engineering tool used 
both in the planning phase and in the management of assets in order to take optimal decision. The 
background of this paper can be found in [Ditrani, 2009].  

 

 

2 METHODOLOGY: THE LIFE-CYCLE COST ANALYSIS 

LCCA is an engineering economic analysis tool that allows transportation officials to quantify 
the differential costs of alternative investment options for a given project. LCCA can be used to 
study a new construction project and to examine preservation strategies for existing transportation 
assets. LCCA considers all agencies expenditures and user costs throughout the life of an 
alternative, not only initial investments.  
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More than a simple cost comparison, LCCA offers sophisticated methods to determine and 
demonstrate the economical merits of the selected alternative in an analytical and fact-based 
manner. 

Project teams using the LCCA process first define reasonable design or preservation strategy 
alternatives. For each proposed alternative, they identify initial construction or rehabilitation 
activities, and the timing for those activities. From this information, a schedule of activities is 
constructed for each project alternative. 

Next, activity cost are estimated. Best practice LCCA include not only direct agency 
expenditures (for example, construction or maintenance activities) but also user costs. User costs 
are costs to the public resulting from work zone activities, including lost time and vehicle expenses. 
A predicted schedule of activities and their associated agency and user costs are combined to form 
a projected expenditure stream for each project alternative. 

Once the expenditure streams have been determined for the different competing alternatives, the 
objective is to calculate the total Life Cycle Cost for each alternative. Because money spent at 
different times have different values to an investor, the projected activity costs for a project 
alternative cannot simply be added together to calculate total Life Cycle Cost. LCCA uses 
discounting to convert anticipated future costs to present money values [U.S. Department of 
Transportation, 1998]. 

 
2.1 Present Value for a single cash flow 
 
The present value method is commonly used for discounting purposes. All past, present and 

future cash flows are discounted to a common point of time, the present, so as to account for the 
changes in money’s purchasing power over time[Troive, 1998].  

The present value of a future cash flow, expected to fall due n years later, may be calculated by: 
 

                                                                                                                                                                   (1) 

 

Where  : the present value 
           B : cash flow, in constant money 
           r : real, inflation adjusted, discount rate for costing purposes  
 

 

2.2 Present value for an annual cash flow 
 
The present value for a future cash flow, expected to fall due every year during the time period 

n, may be calculated by [Troive, 1998]: 
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Which is a geometrical series that can be written as:  
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Dividing numerator and denominator by 1 r , the following equation is obtained: 
 
 

·
1 1

                                                                                                                                                   4  

 

 

2.3 Present Value for a periodical cash flow 
 
A future cash flow, expected to fall due periodically every p year during the n years, can be 

discounted to present value by: 
 

1 1 1
1

1
1

1
1

1
 

 

1
1 1 1                                                                                         5  

 

Where m is the number of times the cash flow is expected to fall due during the n years; mp
n. 

If the cash flow is some kind of maintenance, repair or rehabilitation cost, the cash flow at year n 
is not relevant and should therefore not be counted for.  

The number of times the cash flow is expected to fall due, m, may then be calculated by: 
 

1
                                                                                                                                                          6  

 

The equation of the present value above is a geometrical series that can be rewritten as 
 

1
· 1 ·

1 1
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·
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By dividing numerator and denominator by 1 r , the following equation is achieved: 
 

·
1 1

1 1
                                                                                                                                              8  

 

 

2.4 Annuity Cost 
 
When expected service lifes differ, the investments may preferably be compared on an annual 

equivalent basis. The annuity cost is the inverse of the present value for annual costs [Troive]: 
 

1 1
                                                                                                                                         9  
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Where   : the present value 
            FA : annuity factor 
            L : service life 
            r : real, inflation adjusted, discount rate for costing purposes 

 

 

2.5 User Costs 
 
Because an infrastructure like a bridge is built for the society, and not for a single private owner, 

the users have to be taken in high consideration during the management operations. When a bridge 
needs to be inspected, an element has to be replaced or maintained, all of these operations affect the 
users, because they affect the regular traffic flow on the bridge. Time lost by the users, through 
rerouting or delay of commercial and non-commercial traffic has a cost, that can be calculated. In 
this project, the user costs have been estimated by an application available in BatMan, the National 
Database of Vägverket (Figure 1). 
 

 

 

 

Figure 1. BaTMan tool to calculate user costs 
 
In the first box is asked the number of days for the operation, then if the user cost that has to be 

calculated is referred to regular cars or trucks, then the amount of traffic and the expected length of 
the delay is requested. In the white box it is possible to feed the length of the rerouting if this is the 
case. All the parameters concerning commercial and non-commercial hourly cost are implemented 
in the tool. The result is the cost for the users shown on the right, in kkr (Kilo-SEK).   

A weak point of this tool, is the fact that the future growth of the traffic is not taken in 
consideration.One way to do it, and make the analysis more reliable, is to estimate the future traffic 
using the traffic model SAMPERS, the Swedish national traffic model, implemented in a software 
[Ditrani, 2009]. 

 
2.6 Historical Traffic Data and Forecasting Calculation 
 
A function for the traffic during the whole service life of the bridge is needed in order to 

calculate the cost for users. First, the historical data on traffic have been collected for each of the 
roads the different bridges are located in. This was possible with the help of a web application, in 
use in Vägverket, through which is possible to look at all the surveys in the whole Sweden 
approximately from 1989 to 2008. The data available are ‘total traffic’, ‘cars’ and ‘trucks’, 
presented as number of vehicles but also as ‘pair of axis’. We should notice that the most reliable 
data is the ‘pair of axis’ but the tool implemented in BaTMan use ‘cars’ and ‘trucks’ in order to 
calculate the costs for users, so an approximation has been necessary. 

Then, with the help of the software that implement the SAMPERS traffic model, it was possible 
to get information on the traffic forecast. The forecast is given for a specific area, and different 
forecasts are given for cars and trucks. The first forecast is given for the year 2020 and a second 
one for the year 2040. Then a linear extrapolation has been considered to forecast the traffic data 
until the end of the service life. 
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2.6 Dealing with inflation – choice of the parameters 
 
One of the parameters that most influence the result of a LCC Analysis is the interest rate. The 

analysis can be performed at different degrees of accuracy. It is possible to consider the interest 
rate as a constant, without any influence of inflation. In this case, the cost that is planned today is 
going to be the same in the future and the Present Value will end up to be a cost that is less than the 
real one. When the inflation is considered, taking into account the fact that goods today cost, 
probably, less than tomorrow, the result may be seen as more accurate. The inflation rate can be 
approximately chosen constant. In this case, it is possible to consider a unique parameter, “V”, 
which is the ratio between 1+j and 1+i, where j and i are respectively the inflation and the interest 
rate. A third way to perform the Life Cycle Cost Analysis is to consider a constant interest rate and 
constant inflation rates, that change depending on the good that is considered. In this report this 
third solution is adopted. The motivations that has driven to this choice are based, for what concern 
the choice to consider interest and inflation rate in an unique parameter, on a study made in the 
USA where it is shown the stability in a LCCA of the parameter V during the years 1950 – 1976 
[Eisenberg, 1976], and for what concern the choice of different ‘inflations’ on the reality of 
economy. The cost of a good will increase in a different manner compared to the cost of the time of 
the users for example. 

The table that follow shows the different ‘V-parameters’ used in the analysis. The values are an 
average, in fact one of the further development of LCCA would be to find out more accurate values 
or functions (of time) for these parameters [Ditrani, 2009].       

 
Table 1. “V” parameters  

 
 

 

 

 

 

 

 

 

 

 

This choice reflect the way the different items in the LCCA will decrease or increase comparing 
to the cost of money. 

 
 
3 SYSTEM LIMITATIONS 
 
Sweden has a very well organized system of archives spread all over the country, in which lots 

of data concerning investments, technical reports, drawings are stored. Unfortunately, not the 
totality of the data are kept over the years, so that in many cases it was not possible to have the 
information on initial investment. Just for a few bridges (in the regions analyzed, Norrbotten and 
Västerbotten) it was possible to find this information. Another kind of information that was almost 
impossible to find has been the ‘TBb’ document, in which is registered the technical service life of 
the bridge. It was possible to suppose the service life according to the internal regulations of 
Vägverket [Ditrani, 2009].   

 
 
 

 
 

 

V parameters calculation 
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4 RESULTS 
 
4.1 Comparative LCCA of Bridges in Norrbottens and Västerbottens Län. 

 
Table 2. List of the bridges analyzed sorted by type 

 
n° type n° Construction Type Material Code (BaTMan) 
1 I Beam and Slab Bridge (balkbro fritt 

upplagd) Steel 24-1790-1 
2 II Slab Bridge (Plattbro) Concrete 24-1861-1 
3  Slab Bridge (Plattbro fritt upplagd) Concrete 24-1497-1 
4  Plattbro fritt upplagd Concrete 24-1753-1 
5  Plattbro fritt upplagd Concrete 24-1876-1 
6 III Slab Frame Bridge (Plattram 2-leds) Concrete 24-417-1 
7  Slab Frame Bridge (Plattram 2-leds) Concrete 24-471-1 
8  Slab Frame Bridge (Plattram 2-leds) Concrete 25-1432-1 
9  Slab Frame Bridge (Plattram 2-leds) Concrete 25-1674-1 
10  Slab Frame Bridge (Plattram 2-leds) Concrete 25-1888-1 
11  Slab Frame Bridge (Plattram 2-leds) Concrete 25-780-1 

 

 
Table 3. Comparison of the results obtained from the LCCA of bridges in Norrbotten and Västerbotten 

 PV 2009 [SEK] 
  Impact of different cost items on total LCC 
N° Bridge 

code 
Total 
LCC 

Annuity 
Cost 

Initial 
investment 

MR&R User 
costs 

Planning & 
design 

Dismantle

1 24-1790-1  

8 629 534 

11 752 6 787 171 
(78,7 %) 

1 137 440 
(13,2 %) 

446 316 
(5,2 %) 

112 357 
(1,3 %) 

146 250 
(1,7 %) 

2 24-1861-1  

4 989 279 

6 777 4 201 102 
(84,4 %) 

498 110 
(10 %) 

28 443 
(0,6 %) 

110 196 
(2,2 %) 

151 427 
(3 %) 

3 24-1497-1  

5 204 830 12 033 
3 872 389 
(74,4 %) 

671 110 
(12,9 %) 

301 823 
(5,8 %) 

144 621 
(2,8 %) 

214 888 
(4,1 %) 

4 24-1753-1  

9 628 595 11 712 
4 892 634 
(50,8 %) 

624 851 
(6,5 %) 

3 733 
373 

(38,8 %) 

116 806 
(1,2 %) 

260 931 
(2,7 %) 

5 24-1876-1  19 951 
560 

27 170 

9 439 589 
(47,3 %) 

800 880  
(4 %) 

9 319 
372 

    (46,7 
%) 

108 077 
(0,5 %) 

283 642 
(1,4 %) 

6 24-417-1  

6 705 193 

20 371 
3 063 579 

 (45,7) 
931 728 

(13,9 %) 

2 220 
913 

(33,1 %) 

165 677 
(2,5 %) 

323 296 
(4,8 %) 

7 24-471-1  
6 908 271 

15 971 5 687 805 
(82,3 %) 

566 062 
(8,2 %) 

115 171 
(1,7 %) 

153 291 
(2,2 %) 

385 937 
(5,6 %) 

8 25-1432-1  
5 528 032 

12 643 3 661 878 
(66,2 %) 

784 242 
(14,2 %) 

735 164 
(13,3 %) 

168 926 
(3,1 %) 

177 822 
(3,2 %) 

9 

25-1674-1  8 135 651 

30 361 
5 149 139 
(63,3 %) 

861 204 
(10,6 %) 

1 758 
818 

(21,6 %) 

144 621 
(1,8 %) 

221 869 
(2,7 %) 

10 

25-1888-1  
16 869 

118 

38 999 
11 005137 

(65,2 %) 
639 842 
(3,8 %) 

4 873 
428 

(28,9 %) 

114 560 
(0,7 %) 

236 151 
(1,4 %) 

11 
25-780-1  

4 005 242 9 260 2 490 693 
(62,2 %) 

450 142 
(11,2 %) 

597 090 
(14,9 %) 

150 348 
(3,8 %) 

316 968 
(7,9 %) 

 

The first thing we can notice is that the most cost-efficient bridge, at a first sight, is the number 
2, a slab bridge followed by the number 11, a slab frame bridge. For what concern the bridge 
number 2, the reason this bridge is so cost-efficient is why it is subjected to the smallest traffic 
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volume among all the bridges analyzed. On the other hand, the bridge number 11, with an annuity 
cost of 9 260 SEK has the smallest initial investment among the totality of the bridges included in 
the analysis. Initial investment is, in more of the cases, the factor that most influence the final total 
life cycle cost of a bridge. As it can be seen from the table, bridges with high initial investment 
results to have high life cycle costs. The second factor that influence the final total cost, in order of 
importance, is the cost for users. In many cases it is higher than the cost for the maintenance itself, 
that is one of the causes of this cost. The main factor that influence this cost item is the location of 
the bridge; but it is important to notice that also in areas like the northern regions, poorly 
populated, user costs are in many cases pretty influent. Another important factor that influence the 
annuity cost is the service life of the bridge. In the histogram below we can notice the influence of 
service life on the annuity cost for the different bridges analyzed. In general, for service life longer 
than 100 years, the annuity cost decrease consistently [Ditrani, 2009].  

 

 

Figure 2. Influence of service life on annuity cost 
 
When an operation that can extend the service life of the bridge is planned in the Life Cycle Cost 

Analysis, the annuity cost decrease in each of the studied cases between the 38,3 % and the 39,3 %. 
The Life Cycle Cost is not decreased, but it is grown instead, to take into consideration the 

operation of strengthening (the most common to extend the service life of a bridge) but this 
decrease in the annuity cost mean that it is possible to save around the 38 % of the whole cost, 
because the total life cycle cost is spread on a longer service life. 

The histogram above (on the right) shows the influence of this extension of the service life on 
the annuity cost [Ditrani, 2009]. 

 
4.2 Perspectives of Soil-Steel and Timber Bridges 
 

Among the Soil-Steel Bridges, the ones that allow longer spans are the SuperCor bridges. SuperCor 
have a bigger corrugation than the others soil-steel bridges that allow spans up to 25 meters; this is 
the reason why only this kind of Soil-Steel Bridge is considered into the analysis.  

Because this time the analysis is more general, where all the data are taken from Swedish based 
companies, it has been chosen to consider three different scenarios of traffic: the initial data (traffic 
in 2009) has been arbitrary chosen, according to the reality of the area, then the first scenario 
reflect the forecast for the Stockholm region, the second one for the Norrbotten region and the third 
one for the Västerbotten region. 
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The results concerning the analysis of the perspectives of Timber and SuperCor bridges are 
summarized below: 

 
Table 4. Comparison of the results from the LCCA of SuperCor and Timber Bridges 

 
PV 2009

[SEK]  Scenario 1 Scenario 2 Scenario 3

  SuperCor  Timber SuperCor Timber SuperCor  Timber

Total LCC  4 324 438  4 705 779 2 274 364 2 657 317 2 175 468  2 485 054

Annuity Cost  16 696  18 946 9 097 10 698 8 750  10 005

Impact of the cost items on the total LCC

Initial 
investment  

1 379 000 
(31,9 %) 

1 925 000 
(40,9 %) 

1 379 000 
(60,6 %) 

1 925 000 
(72,4 %) 

1 379 000 
(63,4 %) 

1 925 000 
(77,5%) 

Planning&design   100 000  
(2,3 %) 

100 000 
(2,1 %) 

100 000 
(4,4 %) 

100 000 
(3,8 %) 

100 000 
(4,6 %) 

100 000 
(4 %) 

MR&R   641 052   
 (14,8 %) 

257 253 
(5,5 %) 

641 052 
(28,1 %) 

257 253 
(9,7 %) 

641 052 
(29,5) 

257 253 
(10,4 %) 

User costs   2 169 762  
(50,2 %) 

2 261 949 
(48,1 %) 

119 688 
(5,3%) 

213 487 
(8 %) 

20 792  
(1%) 

41 225 
(1,7 %) 

Dismantle   34 624 
 (0,8 %) 

161 577 
(3,4 %) 

34 624 
(1,5 %) 

161 577 
(6,1 %) 

34 624  
(1,6 %) 

161 577 
(6,5 %) 

 
For every scenario studied the annuity cost of SuperCor is smaller than the one of Timber 

Bridge, because of the constant difference in the initial investment. Furthermore, the difference 
between the expenditures related to the user costs in SuperCor and Timber Bridges increase by the 
decreasing of traffic volumes [Ditrani, 2009].    

 

 

5 CONCLUSIONS 
 
The results of this project show that the cost efficiency of a bridge does not depend on the type 

of the bridge in general (histogram below). Instead it varies from site to site. 
 

 

Figure 4. Annuity Cost sorted by bridge type 

 
Considering the impact of the different cost items, the most influent parameters on the Life 

Cycle Cost are initial investment and user costs. The methodology adopted and the results show 
that a different approach can be considered in the planning and design stage. When deciding which 
bridge type is considered and which design strategy has to be followed, that strategy should take 
into account the scope of the design: for example decrease user disturbance through optimal 
choices of design variables (such as concrete cover or properties of materials) in areas with big 
traffic volumes or to allow higher disturbances for users in areas where the smaller traffic volumes 

0

10000

20000

30000

40000

50000

beam and slab 
bridge (steel)

slab bridge slab frame 
bridge

SuperCor bridge Timber Bridge

a
n
n
u
it
y 
co
st
 [
SE
K
]

bridge type

annuity costs sorted by bridge type

273



causing lower initial investments. It should be noticed the importance to preserve the life standards 
that people are used to, otherwise seemingly cost-efficient choices could increase inequalities in the 
society which may lead to social tension.   

Furthermore, the importance of the service life in the Life Cycle Cost is highlighted in the Figure 
2. If a strengthening is performed, extending the service life of 20 years, this will end up in savings 
estimated to around 38 % of the Annuity Cost. If we consider just the eleven bridges analyzed in 
this paper, the cost saving would be around 2 million Euro.  

A further conclusion may be drawn about the way the analysis should be performed. An 
improvement in this work has been done using different ‘V’ parameters, to take into account the 
different ways different goods grow. Analyzing the user costs, the way the traffic volume change 
over the years is considered by using historical data, but also using results from a National Traffic 
Model. The linear extrapolation for the past and the future is used [Ditrani, 2009].  

 
 
6 FUTURE DEVELOPMENTS 
 
Based on the results and methodology adopted, some developments may be proposed.  
- The improvement of mathematical models that describe traffic, interest and inflation 

forecasts will be fundamental to get more reliable results;  
- Extend and update use of databases to collect information on initial investments, operation 

of MR&R, and time and costs related to.  
- Increase the number and sites of traffic surveys: they give valuable information when the 

tendency of the traffic volume is needed over the years.   
- Include in the Life-Cycle Cost Analysis the reliability of companies as parameter when 

choosing between different alternatives. The reliability of the information the companies 
give to the project leader is of fundamental importance; information could be too optimistic 
and the consequent choice of the project alternative will result in an uneconomic decision. 

- Finally, complete and user friendly software that includes all of these different aspects and 
developments of the Life-Cycle Cost Analysis would be a necessary tool to estimate the 
costs.  
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ABSTRACT: As stated in the memorandum of understanding of the COST Action C25 new 
building materials, new products and technologies are in the long term a necessary way to re-
duce environmental impacts. The paper investigates the environmental performance of a new 
building material based on renewable resource wood. It presents the outcomes of a life cycle as-
sessment (LCA) showing the most important drivers (phases during the life cycle as well as 
specific inputs) for environmental impacts and the important impact categories for which envi-
ronmental impacts are expected if fiber reinforced wood profiles are used. A preliminary case 
study, comparison between columns made of fibre reinforced wood, hot finished steel section 
and hollow core section is presented. The case study was conceived considering experimental 
data available for the reinforced wood columns.   

1 INTRODUCTION 

Having been used for centuries as a traditional construction material, wood is currently gaining 
technological importance. In an interdisciplinary research project, carrying out by research insti-
tutes of Technical University Dresden from the fields of steel and timber structures, architecture 
and construction as well as from material science, a new composite building material, fiber rein-
forced wood profiles are designing. Additionally the ecological and economic performance is 
examined, using the conceptional framework of environmental Life Cycle Costing (eLCC) as 
described in (Hunkeler et al. 2008). 

At first glance using wood as a renewable resource appears to be sustainable material and 
thus one could expect a good ecological performance. But due to its different technological 
drawbacks like low strength spectrum perpendicular to grain or low durability at outdoor cli-
mates other construction materials like steel or concrete are often preferred as they surpass these 
properties of wood (Haller 2007). From an ecological point of view it is of interest, how differ-
ent additional materials and processes, that make wood more competitive to steel or concrete, 
influence the environmental performance of such fibre reinforced timber structures.   

For some technological background the production phase of the reinforced wood profiles is 
shortly described. The outcomes of a life cycle assessment based on the ISO 14044 are widely 
discussed for the fibre reinforced wood profile. Additionally the economic aspects covered by 
environmental life cycle costing are shortly discussed. Finally, comparison of columns made of 
steel and concrete with the similar structural performance at the room temperature as the column 
made of fibre reinforced wood is made.  
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2 BACKGROUND 

2.1 Structural behaviour of fibre reinforced wood profiles 

The general objective of research is to provide engineered wood products on the basis of formed 
wood profiles for structural applications. The formed profiles can be optionally reinforced with 
technical fibres and/or textiles laminated to the outer wood surface. The purpose of such com-
posite confinement is to strengthen the relatively thin-walled sections and to protect the wood 
against environmental induced damage. In a previous paper (Heiduschke et al. 2008) the load-
carrying behaviour of light-weight columns with circular hollow cross section was discussed. 
Full-scale axial compression tests were conducted to evaluate the performance of the tubes. The 
investigated parameters were: (1) the length of the tubes and (2) the type of reinforcement – var-
ious fibre angles and thicknesses. The static tests have shown that wooden tubes are capable to 
sustain high buckling loads as far as brittle failure modes can be prevented. Such failure type 
was observed for non-reinforced columns. The longitudinal splitting of the profiles was due to 
the expansion of the tubes in circumferential direction resulting into a tension perpendicular to 
grain failure. The tests on reinforced tubes demonstrated that load-carrying resistance and duc-
tility of timber profiles can be significantly enhanced by the composite confinement. The failure 
mode that caused the damage of the reinforced columns was compression failure in wood. The 
experimental results reveal that the relatively thin-walled sections do not tend to local buckling 
failures due to geometrical discontinuities or imperfections. The innovative developments may 
set the basis for the future of high resistance timber structures, especially in cases of highly 
loaded members with large cross sections. 

2.2 Environmental performance measurement (LCA) 

The environmental performance measurement is conducted mostly following requirements of 
ISO 14040 and ISO 14044. The theoretical concept of LCA is assumed to be known and there-
fore not introduced. For better understanding the international norms as mentioned above may 
serve as best reference. The implementation of the concept of LCA for fibre reinforced wood 
profiles is the main focus of this paper and described more detailed in chapter 3.  

2.3 Ecologic performance measurement 

As for sustainability also the economic performance is of interest, for further researches a new 
concept introduced by the SETAC initiative (Society of Environmental Toxicology and Chemis-
try) shall be applied: the concept of environmental life cycle costing. To provide information for 
decision making in order to optimize cash outflows, cash inflows and timing over the life cycle 
is the main objective of conventional Life Cycle Costing. (Woodward 1997). If the total life-
cycle costs of alternatives are known a decision maker is able to evaluate trade-offs between the 
initial investment and follow-up costs and thus chose a better alternative considering the whole 
life cycle. Economic aspects of different factors at different periods of time have to be consid-
ered during a product life cycle.  

LCC is particularly applicable when dynamic information is incorporated into decision mak-
ing processes, how it is the case for the fibre reinforced wood profiles. As an instrument for in-
vestment decisions it can be applied from the perspective of a customer on an ad hoc basis for 
decisions between different construction materials.  

The following data will be collected for the fibre reinforced wood profiles: planned cash in-
flows for the products sold, cash outflows for the development and production, operation, main-
tenance and finally waste disposal of the profiles, timing of the cash flows, useful life and the 
discount rate. The step of data collection is considered as the most important because of time 
and resources necessary.  

Combining both the economic and the environmental perspective leads to the concept of en-
vironmental life cycle costing. As it is the case for environmental data also economic data can 
be collected and allocated based on process flow diagrams. On the one hand costs of different 
material or energy inputs have to considered and on the other hand the "non physical" costs like 
i.e. labour costs have to be added.  
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Figure 1. Types and sources of data 

3 LIFE CYCLE ANALYSIS OF A FIBRE REINFORCED CIRCULAR WOOD PROFILE 

3.1 Goal and scope 

Objective of the study is to investigate the environmental impact of an engineered wood product 
for structural applications, namely a fibre-reinforced round wood profile. Within COST Action 
C25, first comparisons shall be made for its environmental impact of different construction ma-
terials. Therefore we defined a specific amount of load to be carried by different construction 
solutions (wood, steel, concrete). The functional unit considered is a compressive column 2,5 m 
long, simply supported at both ends and bearing resistance 380 kN. The focus of this study is to 
investigate the overall environmental impact of the different inputs as well as the contribution of 
different phases of the life-cycle of the product. In a further step the outcomes of the study may 
be used as a basis for comparisons with other solutions made of alternative building materials 
made of steel or concrete. 

CML methodology (Centre of Environmental Science, Leiden University) as well as Eco-
indicator99 (I) as implemented in SimaPro® are the methods used for LCIA (Life Cycle Impact 
Assessment). Eco-indicator99 (I) is used to provide a rough overview of the overall contribu-
tions of different phases of the life cycle and different materials and production steps. The CML 
method provides detailed information about impacts in all important impact categories and also 
enables impact category specific comparisons with products made of other construction materi-
als.  

Types and sources of data: If possible, data is taken from ecoinvent database 
(www.ecoinvent.org). For new and hence not documented processes we took measurements at 
the production plants or calculated the amount of energy input. As some of the production proc-
esses as well as the product itself are still under development, some estimations are used i.e. for 
the use of energy. Therefore, we assumed a loss of energy of 80% during the production phase 
in the pilot plant in each process step.  

System boundaries: The study is designed as a complete LCA from cradle to grave. During 
the production phase the main inputs for the product are wood, resins, energy and glass fibre, 
each of them are modelled using ecoinvent database that provides detailed cradle-to-gate data 
for average European industry conditions of European countries, referring to the year 2000. An 
exception is the main wood input (sawn timber) that is based on German conditions but it is 
used in the ecoinvent database to represent European conditions. So far, it is not possible to es-
timate efforts related to the use-phase, which is therefore reduced to transports from plant to site 
and from site to the end-of-life scenario. More efforts, which are expected to have no significant 
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influence, will be considered more in detail in further investigations for the sake of complete-
ness. The life time is yet unknown, but it is expected to be at least 25 years. 

The end-of-life scenario is modelled considering two alternatives. The ecoinvent database 
provides sophisticated data that can be used for the first case: incineration of the whole profile 
in a municipal waste incinerator. All emissions as well as the final disposal of slag are consid-
ered here. For the second end-of-life scenario the recovery of the wood-embodied energy is in-
vestigated: the share of wood is assumed to be incinerated in a combined heat and power plant, 
considering emissions, slag and benefits of the energy recovery. This is what is often referred to 
as the system boundary expansion. Negative inputs can not easily be modelled in an adequate 
manner, positive impacts are accounted for by modelling "avoided products" as inputs (Goed-
koop et al. 2007). In this case, avoided products are electricity and gas that would be needed to 
produce the amount of energy that is recovered in the combined heat and power plant. 

For the production phase, transports are included in the ecoinvent database as cradle-to-gate, 
while the end-of life scenarios are modelled as gate-to grave. Consequently further transports 
have to be considered additionally: a) from the production plants of the material inputs to pro-
duction plant of the final product; b) between different production plants in the value-added-
chain; c) from the last production plant to the site and d) from the site to the end-of-life sce-
nario. To simplify these complex but as well uncertain processes we assume each transport way 
to be 120 km and multiply this by the total weight of the final product. This leads to an addi-
tional transport effort of 120km * 28 kg = 14 tkm. 

3.2 Life cycle inventory (LCI)  
A life cycle inventory was created. Most of the data was used as provided by ecoinvent data-
base, representing European average technology. As described in section 3.1. Table 1 shows the 
amount of inputs used for the modelling of the production and use phase as well as the outputs 
for the two end-of-life scenarios.  

 
Table 1. LCI of fiber reinforced tube wood profiles 

Process Material / Energy input  Data 
source 

Densification of 
Wood 

Sawn timber, raw, kiln dried (10%) 
Energy input (heating, densification)* 

0.067 m³  
16.7 kWh 

Ecoinvent  
Calculation 

Planning Energy input planing densificating wood 0.05 kWh (Tech 2003) 
Sawing Energy input for planning process* 1.29 kWh (Tech 2003) 

Gluing Phenolic resin 
Energy input* 

0.411 kg 
1.19 kWh 

Ecoinvent  
(Tech 2003) 

Planning Energy input * 0.16 kWh (Tech 2003) 
Forming Energy input * (heating and forming) 7.12 kWh Calculation 
Planning Energy input * 0.07 kWh (Tech 2003) 

Pr
od

uc
tio

n 
Ph

as
e 

Reinforcing 
Glass fibre 
Epoxy resin 
Energy input 

3.2  kg 
1.1 kg 

12.5 kWh 

Ecoinvent 
Ecoinvent  
Measured 

U
se

 

Transports Lorry, 3,5-16t, fleet average 14 tkm Ecoinvent 

 Energy Output   

Scenario 1 Municipal waste incineration 0 MJ Ecoinvent 

E
nd

 o
f l

ife
 

Scenario 2 Electricity 
Thermal Energy 

92 kWh 
287 kWh 

 
DGfH 2001 

 * 80% energy loss is assumed for all processes  

3.3 Life cycle impact analysis (LCIA) 

Table 2 gives a first overview over the results calculated with Eco-indicator99 (I), measured in 
Points. The most affected categories are: minerals (the use of energy resources), the emission of 
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respiratory inorganic substances and land use (the latter through occupation of land by forestry 
processes - this is discussed more detailed below). Climate change relevant emissions only have 
a considerable impact when the end-of-life scenario municipal incineration is assumed. For the 
energy saving scenario the energy generated from burned wood reduces the global warming po-
tential (gwp) that is caused during the life cycle of the profile down to zero.  
 
Table 2. Shares in overall impact (Eco-indicator99 (I) ________________________________________________________________________________________ 

Impact category 
Wood profile  

municipal incineration 

Wood profile  
energy saving incinera-

tion  ________________________________________________________________________________________ 

Resp. inorganics 1,2 Pt 30,25% 0,9 Pt 32,03% 
Land use 1,1 Pt 27,42% 1,1 Pt 37,15% 
Minerals 1,1 Pt 27,12% 0,8 Pt 26,28% 

Climate change 0,4 Pt 10,44% 0,0 Pt -0,15% 
Carcinogens 0,1 Pt 2,75% 0,1 Pt 2,18% 

Acidification/ Eutrophication 0,1 Pt 1,68% 0,1 Pt 2,15% 
Ecotoxicity 0,0 Pt 0,20% 0,0 Pt 0,23% 

Resp. organics 0,0 Pt 0,11% 0,0 Pt 0,11% 
Radiation 0,0 Pt 0,03% 0,0 Pt 0,02% 

Ozone layer 0,0 Pt 0,00% 0,0 Pt 0,00% ________________________________________________________________________________________ 

 
 
Figure 2 shows the contribution of different processes and material inputs respectively to the 

overall environmental impact. Besides the material inputs that dominate the environmental im-
pacts some significant differences for energy related impacts become apparent. If, at the end of 
the product life the embodied energy in wood is recovered, the environmental impact can be re-
duced about 1/3 of the overall impact.  

 

Figure 2. Process contributions measured as indicated by Eco-indicator 

279



Three important aspects of Figure 2 shall be emphasized. There are no differences for the im-
pacts caused by the use of material in the production phase. Even more interesting are the dif-
ferences arising from the two end-of-life scenarios. For the energy saving scenario, a positive 
impact (negative points) can be seen for heat energy as well as for the lower consumption of 
electricity, occurring due to energy recovery in a combined heat and power station. Both, the in-
cineration model in a municipal waste incinerator without recovery and in a power station re-
spectively lead to negative impacts mostly due to emitted greenhouse gases, mainly CO2. 
Thirdly, looking at Figure 2 sawn timber seems to be the most damaging input. But, examining 
the impact assessment more detailed, one can see that the negative impact mostly occurs in the 
impact category land use. That means, that in the model implemented in Eco-indicator99 (I), the 
area that is transformed or occupied for forestry processes , has an dramatically influence to the 
overall impact of wood, even compensating the positive impacts arising from the uptake of CO2. 
Important to say at this point: this might be one reason why, according to ISO standard, weight-
ing outcomes of different impact categories to one score is not always practical. It is also a rea-
son why in this paper another indicator scheme, the CML method shall be applied for the LCA 
of fibre reinforced wood profile as modelled in SimaPro.  

Figure 3 shows the outcomes of life cycle impact assessment using the CML methodology. 
As already seen above, the relevance of the end-of-life scenario is of high influence, especially 
when looking at the global warming potential (comparable to climate change in Eco-indicator) 
and abiotic depletion (resources). Besides this the categories dealing with toxic substances 
(freshwater ecotoxicity, freshwater ecotoxicity, human toxicity,) show high relevance. The main 
dirvers are here glass fiber, municipal incineration and electricity. 

 
Figure 3. LCIA using CML method 

 
Figure 3 may be used as the first approach to compare environmental impacts of different build-
ing materials, the results are also presented in Table 3. 
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Table 3. CML results, exact values of the diagram shown in Figure 3.  

Impact category
Reinforced wood profile 
municipal incineration 

Reinforced wood profile 
energy saving incineration 

Abiotic depletion [kg Sb eq] 0,36 0,08 
Acidification [kg SO2 eq] 0,25 0,19 

Eutrophication [kg PO4 eq] 0,04 0,03 
Ozone layer depletion (ODP) [kg CFC eq] 3E-06 8E-07 

Terrestrial ecotoxicity [kg 1,4-DB eq] 0,31 0,22 
Photochemical oxidation [kg C2H4] 0,01 0,01 

Marine aquatic ecotoxicity [t 1,4-DB eq] 9,11 2,4 
Human toxicity [kg 1,4-DB eq] 43,59 35,92 

Fresh water aquatic ecotox. [kg 1,4-DB eq] 10,52 1,97 
Global warming (GWP100) [kg CO2 eq] 31,52 0,40  

 
CML does not provide a weighting step, that is summing up results to a single score, which 

makes it harder to interpret a wide range of results for a product and its life-cycle. Nevertheless, 
the absolute amount of indicator results in each category may provide a more detailed basis for 
comparisons between different products of the same functional unit. For this special application 
the results as shown in Table 3 are not to be seen as definitely correct. This is the nature of 
every LCA outcomes, there is always uncertainties and assumptions used to calculate  special 
scenarios. They shall be seen as some first approach to an arithmetic mean that has to be proved 
by statistic methods (uncertainty analysis, Monte Carlo simulations). Figure 3 and Table 3 may 
be used as the first step in comparison of environmental impacts of different building materials. 

3.4 Life cycle interpretation  
According to Eco-indicator99 (I) the environmental impact of fiber reinforced wood profiles the 
simple use of wood is, due to the occupation of land, responsible for around 35%. Another 30% 
of the impacts result from respiratory inorganic substances released during the production and 
use of: a) energy (29%); b) epoxy resin (29%); c) sawn timber (20%); and d) glass fiber. Nearly 
30% of the overall environmental burden are owed to the use of resources (minerals). Here glass 
fiber (50%) and wood input and processing respectively (30%), account for most of the burden. 
The overall impact strongly depends on the handling of the wood at the end-of-life. Both impact 
assessment methods show that generating energy from burning the residual wood may reduce 
the greenhouse gas emissions down to zero or even can create a positive effect for mitigating 
climate change. 

Using CML methodology for emissions the highest concentrations arise in categories for 
toxic and acidificating substances. The categories for ecotoxicity for abiotic (resource) depletion 
and global warming potential show impacts that need to be considered. They may be reduced 
significantly (resources) or even down to zero (global warming potetntial) if the energy saving 
end-of-life scenario is assumed.  

As (Werner & Richter 2007) stated "fossil fuel consumption, potential contributions to the 
greenhouse effect (…) tend to be minor for wood products compared to competing products" 
and that "impregnated wood products tend to be more critical than comparative products with 
respect to toxicological effects and/or photosmog depending on the type of preservative." The 
outcomes as presented here show similar tendencies. 

4 ANALYSIS OF STEEL COLUMN 

4.1 Design acc. to EN 1993-1-1 

In order to have a fair comparison between a steel column with a fibre-reinforced timber column 
and the concrete column below, a commercially available cross-section has been chosen having 
the same structural requirements. An attempt is made to minimize the weight and the prize per 
kg steel.  
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Considering these requirements a quadratic structural hollow section according to EN 10210 
is used. For the steel grade S355 and dimensions 100x100x4 mm, design resistance of 417 kN is 
obtained according to EN 1993-1-1. All results below are based on the weight of the chosen 
structural hollow section 11.90 kg/m. The total weight of the column is 29.75 kg. 

 

4.2 Steel making process 
Steel is basically produced in two process routes. Primary steel production is mostly done in the 
blast furnace (BF) route, whereas secondary steel production is made in the electric arc furnace 
(EAF) route. 

The BF route is characterized by reducing first iron ores to iron and afterwards converting the 
iron to steel. In this process route up to 25 % scrap can be added. The steel making process is 
realized using the basic oxygen furnace. 

The steelmaking process in the EAF route may use as much as almost 100% scrap. The recy-
cled steel is melted in the electric arc furnace. 

Steel produced from both routes can be finalized into hot or cold rolling products. 

4.3 Environmental declaration 

Environmental declarations (EPD) of steel product for Norwegian steel association and Contiga 
AS are used to asses environmental impact of the steel column. Documents were issued by 
SINTEF Building and Infrastructure (SINTEF 2007a) according to ISO 14044, ISO 14025, ISO 
21930 and product category rules of steel as construction materials. The results were obtained 
by using the EcoDec-tool, which is a non commercial tool, developed at SINTEF Building and 
Infrastructure, for “cradle to gate” and “cradle to grave” declarations (see Figure 4). 

Details for the cradle to grave EPD are carried out by using data from European mills and 
Contiga AS, a manufacturer of prefabricated solutions of building frame structures of steel and 
concrete. The declared unit is per kg steel. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. System boundaries – Cradle to grave 
 
 

Following system boundaries were considered in the cradle to grave EPD “Steel Structures of 
hot finished structural hollow sections (HFSHS)” (SINTEF 2007b). 

1. The service life of the building of 60 years and a service life of the product of 100 
years was assumed. A recovery rate of steel of 96 % was assumed at end of life sce-

Raw materials

Manufacturing

Building site 

Use / Maintenance 

Demolition 

Disposal / Recycling 

Cradle to gate

Gate to grave
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nario. That means, flows of the recycled material will be taken as input in the produc-
tion process of the next product. 

2. The following transport distances are included:  
- Transport of raw materials from extraction/supplier to manufacturer.  
- Transport of steel products from steel mill to wholesaler (average distance esti-

mated to 900 km)  
- Transport of steel products from wholesaler to manufacturer of steel frames (aver-

age distance estimated to 100 km)  
- Transport of building products from manufacturer to building site (average distance 

estimated to 400 km)  
- Transport from building site to recycling/incineration and land fill (average dis-

tance estimated to 50 km)  
Transport data is based on The Norwegian Emission Inventory (SFT - Norwegian 
Pollution Control Authority, February 2000). 

3. Data on energy consumption on the building site is based on information given by 
Contiga AS. 

4. The column does not need any mechanical maintenance during the use phase. Aver-
age service life of the paint is expected to be 60 years. This is based on that the loss 
of paint will be 1,3 μm a year (Corrosion category C1

2
) and that the minimum thick-

ness of the paint will be between 80 and 120 μm. The building frame structure will 
not be painted during the service life of the building (60 years). The steel products 
will have no impact on the indoor environment.  

5. Energy consumption on demolition is assumed to be the same as for the building site. 
6. The use/maintenance phase and the demolition phase are based on a typical scenario 

for the product. End of life scenario is included in LCI data for the steel products and 
is based on a recovery rate (RR) of 96 %. Recovery rate is the fraction of steel recov-
ered as scrap during one life cycle of a steel product. The flows of the recycled mate-
rial will then become inputs into the production of the next product. 
 

According to TIBNOR AB (TIBNOR 2009), a Swedish company which sells steel long prod-
ucts, the column costs 16.65 SEK/kg which is approximately 49 Euro for the complete column. 
Costs after the factory gate are the building site specific. 
 
 
Table 4. Energy resources 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Unit
Raw 

materials
Manufact. + 
packaging

Building 
site

Demolition
/Disposal

Transport Total

Renewable energy
Hydro power MJ 2,20E+02 6,25E+01 2,83E+02
Bio energy MJ 2,02E-01 2,02E-01
Non-renewable energy
Oil MJ 4,46E+01 1,76E+01 1,07E+01 1,07E+01 2,20E+01 1,06E+02
Gas MJ 1,04E+02 6,25E+00 1,10E+02
Coal MJ 1,55E+02 7,14E-01 1,55E+02
Nuclear power MJ 4,46E+00 1,52E+00 5,98E+00
Other energy MJ 6,25E+01 3,57E-01 6,28E+01

Total 7,23E+02
 
 
Table 4 represents the amount of energy which is used during one life cycle. It is equal to 723 

MJ. Around 82 % of the total amount of used energy is needed in the process phase “raw mate-
rials” (see Figure 5). 
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Figure 5. Energy use and resources  
 

Table 5 and Figure 6 clearly show the impact of different process phases on the environment. 
It can be seen that the largest amount of emissions is related to CO2, which influences the cli-
mate change. 
 
Table 5. Environmental impacts 
 
 
 
 
 
 
 
 
 
 
 

Unit
Raw 

materials
Manufact. + 
packaging

Building 
site

Demolition/
Disposal

Transport Total

climate change kg CO2 equiv. 2,68E+01 2,02E+00 8,63E-01 8,63E-01 1,64E+00 3,22E+01
Ozone depletion g ODP equiv. 5,65E-09 1,93E-07 1,19E-07 1,19E-07 4,37E-07
Acidification g SO2 equiv. 9,52E+01 5,65E+00 2,95E+00 2,95E+00 1,22E+01 1,19E+02
Formation of 
photochemical 
oxidants

g POCP equiv. 1,34E+01 2,95E+01 2,08E-01 2,08E-01 1,49E+00 4,47E+01

Eutrophication g PO4 equiv. 1,10E+01 4,17E-01 1,73E-01 1,73E-01 2,17E+00 1,39E+01

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Impact categories 
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Data sources listed in Table 6 have been used.  
 

Table 6 Databases and data supplier  
Material  Manufacturer/Database  
Steel  IISI (International Iron and Steel In-

stitute) http://worldsteel.org  
Electricity  ECO-PROFILES of the European 

plastics industry  
Methodology Plastics Europe  
http://www.plasticseurope.org/  

Paint  Ecoinvent  
http://www.ecoinvent.ch/  
Byggsektorns Kretsloppsråd och 

Sveff (Sveriges färgfabrikanters Före-
ning)  

http://www.kretsloppsradet.com/web
doc.asp  

Oxygen, Nitrogen, CO
2
 Yara Industrial AS  

http//:www.hgc.hydro.no  
 

5 ANALYSIS OF CONCRETE COLUMN 

The need for material saving was clearly specified in general Rio Agenda 21 (Changing Con-
sumption Patterns) published in 1992: "To promote efficiency in production processes and re-
duce wasteful consumption in the process of economic growth". Development of new materials, 
structures and construction technologies for construction should be thus based on the struggle 
for the reduction of primary non-renewable material and energy resources, while keeping per-
formance quality, safety and durability on a high performance level.  

Considering the volume of produced concrete and number of concrete structures, the problem 
of their environmental impact forms a significant part of the whole global problem of sustain-
able development. The specific amount of harmful impacts embodied in a concrete unit is, in 
comparison with other building materials, relatively small. However, due to the high production 
of concrete (Fig. 7), the total negative impact of concrete structures is significant. Every im-
provement of concrete design principles, production, construction and demolition technologies, 
methodologies of assessment and management of operation of concrete structures thus provides 
a very significant contribution on the way towards sustainable development. 

 
Figure 7. Tendencies of cement production and generation of municipal waste (OECD data) are compared 
with the population growth and its expected development up to the year 2020 

0%

200%

400%

600%

800%

1000%

1200%

19
00

19
10

19
20

19
30

19
40

19
50

19
60

19
70

19
80

19
90

20
00

20
10

20
20

cement production

population

municipal waste generation

year 1950 = 100%

285



 
New composite high performance silicate materials (fibre concrete FC in the form of high 

performance concrete HPC and ultra high performance concrete UHPC) could be used for con-
struction of more strong, more durable and at the same time slender structures. The optimized 
lightened shape of structural elements demands less material and consequently thus has im-
proved environmental parameters of the entire structure.  

5.1 Environmental parameters of concrete  
Evaluation of environmental impact of any structure is highly determined by the quality of 
available data. There is no standard data set of unit embodied values for all components used in 
concrete mix. One of the often used data source is Ökologischer Bauteilkatalog, latest version 
Passivhaus-Bauteilkatalog 2008 (Waltjen 2008) in which the data are based on UCPTE electric-
ity mix. The associated values of embodied CO2, embodied SOx and embodied energy for dif-
ferent types of concrete and reinforcing steel are shown in the Table 7. The data used for UHPC 
were taken from (Schmidt & Teichmann 2007).  
 
Table 7. Embodied environmental parameters of plain concrete, steel fibre concrete and UHPC calculated 
using data from (Waltjen 2008) and (Schmidt & Teichmann 2007) 

Fibre content Embodied 
energy 

Embodied 
emissions CO2 

Embodied 
emissions SO2 

Type of concrete 
% vol MJ/kg kg 

CO2,equiv./kg 
g SOx,equiv./kg 

Ordinary concrete C30/37  
(Waltjen 2008) 0.0 0.8 0.13 0.50 

Steel fibre concrete (SFRC) 0.5 1.38 0.17 0.67 
Ultra high performance concrete 
(UHPC)  
(Schmidt & Teichmann 2007) 

1.0 1.44 0.24 NA 

Reinforcing steel (Waltjen 
2008) - 13.0 0.80 3.60 

 
 
It is evident that fiber concrete itself has unit embodied values higher in comparison to the 

ordinary plain concrete. This is due to the fact that steel and plastic fibers have higher values of 
embodied environmental parameters than plain concrete itself. An inclusion of fibers in the con-
crete mix represents an additional increase of embodied parameters. However, the material 
properties of fiber concrete enable the application for more slender structural elements with sig-
nificantly less concrete content and without conventional reinforcement in thin parts of element 
cross sections.  

5.2 Design of possible alternatives for the column made of concrete  
Minimum permissible transverse dimensions of a column cross-section are given in the para-
graph 5.4.1.1 of the EN 1002-1-1 standard:  

• 200 mm for columns of solid section, cast in situ (vertically) 
• 140 mm for precast columns cast horizontally. 
 

Two alternatives of columns are considered (Fig. 8):  
• Alt. A: Square cross-section from ordinary concrete with conventional steel reinforce-

ment 
• Alt. B: Hollow core cross-section from high performance concrete
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  Alt. A                  Alt. B 
 

Figure 8. Alternatives of columns: Alt. A – ordinary concrete, Alt. B - HPC (steel fibre concrete) 
 
 
Both alternatives have a cross-section 200 x 200 mm. Alternative B has inside hollow in di-

ameter 140 mm. Longitudinal reinforcement is in both alternatives 4 profiles R12 (steel 10505, 
d=12 mm). Alternative A is from ordinary concrete C16/20, alternative B from steel fiber-
reinforced concrete. 

5.3 Environmental assessment 
The analysis was performed for both alternatives of RC columns described in below. The Table 
8 shows associated values of self weight, embodied CO2, embodied SO2 and embodied energy 
calculated using a data set based on UCPTE electricity mix (Waltjen 2008). 

 
Table 8. Environmental profiles of analyzed alternatives of RC columns 

  Self weight Embodied energy Embodied CO2 Embodied SO2 

  kg MJ kgCO2,equiv. kgSO2,equiv. 

Alt. 1 RC - full section 250.2 378.7 42.3 0.17 

Alt. 2 RC - hollow core  154.5 328.8 32.5 0.13 

 
 

The Table 9 shows comparison of input and output materials within life cycle of column.  
 

Table 9. Input and output materials 
  Input materials in kg Output materials (demolition) 

  
Renewable Recycled Primary Full 

recycleable 
Down-
cycling Waste 

  kg kg kg kg kg kg 

Alt. 1 RC - full section 0.0 10.0 240.2 6.5 218.5 25.2 

Alt. 2 RC - hollow core - HPC 0.0 5.0 149.5 4.5 134.6 15.4 

 
 

The theoretical analysis, optimization and performed case studies have supported pre-
liminary assumptions about the undisputed significance of the selection of materials, in-
cluding recycled materials and optimization of the shape of the structure. Presented case 
study have showed that using optimized shape of column with inside hollow, it is possi-
ble to reduce environmental impacts, such as consumption of non-renewable silicate 
materials, the resulting level of GHG emissions (embodied CO2, embodied SO2 , etc.) 
and embodied primary energy.  Moreover there are evident savings in transportation and 
demolition demands due to lower amount of used material, lower weight and lower load 
on supporting structures – like foundations or other supporting vertical members. There 
is a big potential for the use of high performance silicate materials (UHPC, HPFRC etc.) 
to form ultra thin shell structures with higher reduction of the use of primary raw mate-
rials, and correspondent reduction of associated environmental impacts.  
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However, the considered column resistance, 380 kN, is rather low for the design of effective 
concrete alternative. The expected load-bearing capacity in the case of HPC and UHPC is sig-
nificantly higher than in preset requirements defined for this study. The evident advantages of 
the use of high performance concrete would be more significant in the case of higher loads. 

 

6 CONCLUDING REMARKS 

 
First outcomes of a LCA for fibre reinforced wood profiles have been presented. They are 

mostly based on sophisticated data from the well-known ecoinvent database. With the results 
from life cycle impact analysis environmentally sound process engineering can be developed. 

Two impact assessment methods have been applied whereas CML method seems to be more 
applicable for comparisons between products. For the steel and concrete alternatives published 
references were used.    

 
The preliminary study of the simple column design considering alternative solutions, 

three main building materials, considering environmental impact of the structural ele-
ment illustrates importance and problems associated with this approach. The main con-
clusions are: 

 
 More efforts should be put in the synchronization of the system boundaries for 

all alternative solutions.  
 With the existing knowledge and tools available it is possible to define the 

best environmental and economical solution for a very specific building site 
conditions. However, these two separate criteria may be satisfied by different 
material solutions.  

 It is important that design for the life time become the accepted approach de-
spite of problems that are rather obvious. This will improve environmental 
awareness and certainly open new possibilities for innovative solutions in 
construction sector, increasing variety of material choices and structural solu-
tions.        

 
 

Comparable results of the analysis of three building materials are show in Table 10. 
 

Table 10. Comparison of basic categories of the environmental impact for alternative building materials 

Building material 
Performance Unit Timber  

(fibre reinforced) Steel RC hollow core 

weight kg 28.2 29.75 154.5 

energy MJ 140.7 723 328.8 

climate change kg CO2 equiv. 0.40 32.2 32.5 

acidification kg SO2 equiv. 0.19 0.12 0.13 
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ABSTRACT:  
As the construction industry gradually recognises the need for sustainable practices, graduates 
entering the construction profession are increasingly expected to have a high level of sustain-
ability literacy.  It is therefore the responsibility of the educator to provide students with the 
knowledge and skills they require to develop competence in this area.  There are many ap-
proaches and depths of understanding in the teaching of this subject.  Education for sustainable 
development has previously been focused on environmental issues but it is now recognised that 
it must also include socio-economic factors.  Educators must now re-evaluate their curricula and 
teaching methods and develop them in line with best practice.  An on-line survey is to be used 
to gather information to determine the types of postgraduate courses available and the current 
demand for this type of education.  It will also include information on the environmental topics 
covered in these courses.   A literary review will give insight into best practice in sustainability 
education within built environment disciplines at postgraduate level.  The expected outcomes 
are an understanding of postgraduate education in this field and examples of best practice to 
guide development of this subject at this level.  This paper discusses approaches to teaching and 
compares experiences in the UK to the rest of Europe.

1 INTRODUCTION 
 

As the construction industry changes to address sustainable construction it poses a challenge to 
educators, not only to do the same, but to provide graduates with the expertise to lead the field.  
The role of the educator must include making opportunities for students to develop sustainabil-
ity literacy as an essential professional skill.  As Murray (2007) explains: 
 

  “A sustainability literate person has been defined by Forum for the Future as someone who: 
• Understands the need for change to a sustainable way of doing things both individually 

and collectively 
• Has sufficient knowledge and skills to decide to act in a way that favours sustainable de-

velopment”.   
 
It is the educator’s responsibility to ensure that graduates entering the construction profession 

have the level of sustainability literacy required for them to transfer their knowledge into prac-
tice.  Another factor that higher education institutions must consider is how their approach to 
sustainability will directly affect their enrolment figures.   A study completed by UCAS in the 
UK found that, “45% of those planning to study… architecture, and building and planning say a 
good track record on sustainable development was important or very important in choosing 
where to study” (Goodman 2007, p. 2).  
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As the desire for sustainable construction increases, the demand for sustainability literate 
construction professionals also rises and it becomes imperative that educators provide students 
with information about the issues and how to address them.  “Future entrants to the construction 
professions will increasingly be expected to possess the levels of sustainability literacy that our 
industry will need.  Part of the role of an educator will be to make opportunities available for 
students to cultivate the attributes they need” (Murray 2007, p. 30). 

 
The UK government’s sustainable development strategy was published in 2005 setting out 

the need for higher education to promote the concept of sustainability literacy.   Research shows 
that “overall coverage of education for sustainable development in the curriculum is currently 
uneven both within and across disciplines” (The Higher Education Academy 2006, p. 3).  It is 
now the role of the educator to prioritise education for sustainable development within the cur-
riculum and their education institutions. 

 
 

2. SUSTAINABILITY AS AN ACADEMIC AND PERSONAL ISSUE 
 
Education for sustainable development differs from many other topics in built environment dis-
ciplines as it is a professional issue alongside being a personal dilemma.  Lorand (2006) reflects 
on this amalgamation of personal convictions and academia by suggesting that the essential 
steps needed to take to promote sustainability in higher education are as follows: 
 

• To help each student to design the structure for a life of meaning, contribution and effec-
tiveness; 

• To help each student to confidently know how to answer the question, “...How do I know 
if my idea is a good idea”; and 

• To help each student know how to nourish a culture for thinking, learning, innovation. 

Higher education must recognise the need to invest in developing the holistic understanding 
of a student to equip them to make life changing decisions in regards to sustainability.  If em-
bedded correctly education for sustainability gives the opportunity for students to learn how to 
use their thinking on sustainable development to impact their professional lives. 

 
 

3.  THE ROLE AND INFLUENCE OF THE EDUCATOR 
 
As discussed, the issue of sustainable development is both a personal and a professional issue 
and therefore the educational process is not the same as for many other built environment sub-
jects.  A frequently discussed approach is where the learning environment is based on commu-
nity and the educator acts as both facilitator and mentor.  Lorand (2006) explains the reasoning 
for this method; “Standing outside, professionally cool with our intellect only, we won’t be very 
effective in supporting the students… This work is about being mentors out of our personal 
lives and of all academic disciplines, mobilizing resources and responding to authentic needs” 
(Lorand 2006, p. 5). 

 
It is thought that education for sustainable development benefits from educators who are will-

ing to be a part of the sustainability debate, both academically and through their lifestyles.  Gra-
ham (2005, p. 71) explains that “Implementing this vision requires that teaching staff are willing 
to engage in the sustainability debate and develop the environmental literacy required to lead 
students...”  The problem facing higher education institutions is that staff must invest in their 
own personal understanding and experiences of sustainability to move forward in the teaching 
of this area.  “…The question remains however, that if all the faculty at a program do not fully 
comprehend the complexity of sustainability, is it possible to integrate the subject into the total 
curriculum without the actual enhancement of the curriculum and the core material?”  (Wright 
2003, p. 102)  Institutions need to consider their role in integration of sustainability in the cur-
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riculum.  The question is whether staff will integrate sustainability into their own teaching with-
out input from their institution.  

 
Institutions must consider the impact of educators in this process of incorporating sustainabil-

ity into the curriculum as “there will be increasing pressure from our funders, our clients (em-
ployers) and our applicants to embed the knowledge and skills and values relevant to sustain-
able construction within our curricula” (Murray 2007, p. 29).  

 
 

4.  MULTI-DISCIPLINARY APPROACH 
 
The construction sector requires professions from different sectors to work as a team and de-
velop projects together from inception through to completion.  Sustainable development also re-
quires this holistic approach as explained by Wright (2003, p. 104); “Sustainability is an activity 
of the collective, underlined with the need for co-operation and teamwork.”  

 
Education for sustainable development in the built environment requires the same multi-

disciplinary approach. If education programmes are to reflect the holistic approach required in 
the industry then surely students must be given the opportunity to work alongside other disci-
plines.  Jucker (2002) believes that “we need to overcome the disciplinary straight jacket of cur-
rent education… because it prevents us from looking beyond one’s own narrow field of vision.” 

The multidisciplinary design process which has become mainstream practice underlines the 
fact that sustainability must be incorporated across all areas of education for the built environ-
ment.  It cannot be ignored or made less of a priority by any built environment discipline.  
“…Sustainability has to be introduced across the board if it is going to be understood by stu-
dents as a key concept and the future of the building and construction industry” (Hayles & 
Holdsworth 2008, p. 30). 

 
 

5.  CURRICULUM REFORM 
 
Curriculum reform must be a priority if institutions are to embed sustainability in their teaching.  
Hansen (2006) gives an example of a civil engineering school where they use a ‘sustainability 
champion’ who either develops a specific course or several courses focused on sustainability.  
This method is challenged by many, as a holistic, multi-disciplinary approach is seen as best.  
“Sustainability teaching requires a multi-disciplinary approach, one that encourages students to 
look beyond a particular topic and see the bigger picture” (Jucker 2002) Hayles and Holdsworth 
(2008, p. 31) also believe this approach is best. “A coherent, integrated approach to teaching 
sustainable principles is required.”  This recommended approach requires that sustainability is 
embedded within all parts of the curriculum. “…Sustainability education therefore encourages 
changing curriculum from education about sustainability, through education for sustainability, 
into education as sustainability” (Graham 2005, p. 70). 
 

The Higher Education Academy (2006, p. 11) has outlined their suggested methods for 
change in the following points: 

 
• Rigorous review of curriculum; 
• Develop credible teaching materials which are fully contextualised and relevant to 

each subject area.  This will help ensure that education for sustainable develop-
ment is integral to the curriculum and not a ‘bolt’ on; 

• Invest in staff development; and 
• Develop credible business case for higher education institutions, setting out triple 

bottom line benefits.  Amend institutional mission and policy statements. 
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6. TEACHING METHODS 
 

The teaching methods used in education for sustainability are moving away from the more tradi-
tional lecturing approach to methods based on student experience and problems solving. These 
methods allow students to develop an understanding of sustainability as an academic subject 
and to apply it to practical situations within their lives and their subject areas.  “Studies have 
shown that compared to passive learning, which occurs when students observe a lecture, stu-
dents will learn more and will retain that learning longer if more active methods of teaching and 
learning are used.” (Wang 2009, p. 25)  Active learning also helps “deepen students’ under-
standing as well as to help them develop positive attitudes toward sustainability.” (Wang 2009, 
p. 25)   

Although there are many methods of active learning the most frequently discussed in peda-
gogy papers are reflective practice and ‘hands on’ projects.  “Frequently, positive learning ex-
periences recounted by the students relate to hands-on practical sessions… designed to prepare 
students for the work place”  (Franke 2005, p. 22).  

Reflective practice encourages students to use their experiences to learn about sustainability.  
This method allows the educator to look introduce sustainability as both an academic and per-
sonal issue as discussed above.  Reflective practice begins with students examining their own 
lives and challenges them to work at becoming more sustainable.  This develops the process of 
looking at a situation, identifying the problems and implementing solutions.  “In a sustainable 
paradigm students should come to understand sustainability issues through reflecting on their 
experiences of trying to act sustainably during their education… this education would begin 
with the challenge of trying to design out unsustainability from their lives”  (Graham 2005, p. 
70). 

A study completed by Franke (2005) asked students what they found to be good learning ex-
periences.  Five factors that comprise good learning experiences were drawn from the students’ 
writing.  Thematically they were grouped as follows: 

 
• Hands-on, practice relevant education; 
• Seeing things with your own eyes; 
• Teacher enthusiasm and experience (experiential learning); 
• Team working; and 
• Tactile, emotional experiences. 

 
This demonstrates the value of eliciting experiential learning from both students and educa-

tors of the most appropriate approaches to sustainability education. In the next two sections the 
authors reflect on their own experiences, both as a student and educator. 

 
 

7.  REFLECTIONS OF A STUDENT 
 
As a recent student of the built environment in the Architecture discipline I have experience of 
education for sustainable development in the built environment and a variety of teaching meth-
ods from the perspective of a student.  In this section I will reflect on my experiences of educa-
tion for sustainability during my architectural education.  The increasing incorporation of sus-
tainability throughout my education must be considered within the time line of the previous six 
years. 

During my undergraduate career sustainability was a ‘buzz’ word.  There was some discus-
sion of how design can incorporate sustainable principles in relation to environmental issues, in 
particular solar gain, with a specific studio project aimed at developing this design technique.  
There were many references made to sustainability during both lectures and studio work but 
there was little concerted effort to facilitate exploration into why sustainability, or what sustain-
ability is as a wider picture, especially in regards to socio-economic factors. 

At postgraduate level there was a greater emphasis on sustainability within design and brief 
writing although still no explanation of sustainability as a whole.  I chose an optional elective 
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on sustainable design which developed my overall understanding of sustainability and helped 
me develop a rounded understanding of the subject. 

During the elective lecture based learning was used alongside more student centred methods.  
The lecture based learning was useful as it quickly covered the main issues and how to design 
for sustainability.  The more student centred methods were imperative to facilitate students to 
develop a deeper understanding of sustainable development. Reflective practice challenged stu-
dents to think about their own carbon footprint and their response to it.  This informed students 
that they could make a difference in their own lives, whereas previously many thought they 
could not.  It also created an atmosphere where students realised they needed to make a decision 
as to whether they were going to let their understanding of sustainability affect their lifestyle.  
Project based learning alongside small group teaching gave opportunity for students to develop 
their sustainability literacy, especially through facilitating students to discuss sustainability is-
sues in regards to real buildings during a partial sustainability audit on a building near by.  A 
site visit helped develop an understanding of sustainability during the construction process.  
Seeing an example helped associate knowledge to an image which makes it much easier to re-
member and understand. 

Incorporating sustainability within the design process was the responsibility of the student 
alongside other design principles.  The design and critique system is a tested method for design 
education.  The critique then has the responsibility to challenge students about sustainability.  
During brief writing sustainability was encouraged as an important factor of the brief, including 
socio-economic factors.  Once in the design process sustainability was encouraged by many tu-
tors but rarely during critiques.  Institutions must recognise the importance of all their critiques 
having a broad understanding of sustainability as without out it students may receive a confus-
ing response. 

The difficulty with an optional sustainable design elective is that all students do not have the 
opportunity to develop their sustainability literacy.  This underlines that sustainability must be a 
part of all curriculum.  Integrating sustainability in to design is much more complex than just 
understanding the principles.  This should be encouraged, rather than seen as an added advan-
tage to give students the opportunity to develop the skills which will be expected of them as 
graduates of this era. 

 
 

8.  REFLECTIONS OF AN EDUCATOR  
 
Sustainability education requires learners to critically reflecting on their own values in order to 
align their behaviours with the knowledge they acquire through the formal educational experi-
ence in essence combine what they know through informal learning with what they are formally 
provided with. This requires students to explore unexamined conceptions and assumption that 
have evolved over their entire formal and informal educational experience. Often the resulting 
discussion, reflection and debate is emotionally charge and many students are not interested, 
while some students find this a rewarding experience many find it difficult or do not see the ini-
tial value, are ideologically opposed to sustainability as a concept and will never see value at all. 
It is also unusual for students to be engaged in this way and are not so experienced in really 
challenging themselves in the learning process and hence at first are quite opposed to education 
of this nature. Those students that did enjoy the courses and the learning experience felt that 
they were actively engaged and challenge and felt that they had really learnt something. 

When thinking about the value of this approach from a lecturing perspective it is necessary to 
weigh up the amount of time it takes to design and prepare for such interactive learning envi-
ronments. Approaching teaching and learning from this perspective require lecturers to move 
out of their own comfort zones and change their conception of teaching and learning from a 
‘teach me’ to ‘help me learn’ approach. Where teaching and learning has a moral purpose, 
where learning is not primarily focused on what is simply considered useful for professional 
practice, but the consequences of knowledge for the learner and for society, the value and values 
of what is taught, the essentially moral nature of all acts of teaching (Bradbeer, 2007). 

Sustainability education requires educators to reflect on their own understanding of sustain-
ability, their own pedagogy and teaching method. Improving teaching and learning practice re-
quires teachers considering themselves as active learners who recognise they construct their 
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own understanding of knowledge. This is especially important for those engaging in sustainabil-
ity education; given, the sustainability paradigm is contested and open to epistemological inter-
pretations (McAlpine & Western  2000; Putnam & Borko 1997). Chappell (2006) argues that re-
flection is an essential ingredient of the learning process and that unless lecturers engage in 
critical reflection and ongoing discovery they stay trapped in unexamined judgements, interpre-
tations, assumptions and expectations. According to Barnett (1992) reflective practice enables 
lecturer’s to compare their teaching against their own experience highlight differences between 
theory and practice, with the reflective process thus becoming a means of re-conceptualisation. 
Unfortunately, reflection has been devalued. 

   
 

9.  RESEARCH APPROACH 
 
The intention of this discrete piece of research has been to establish current teaching and learn-
ing practices for sustainability in the built environment disciplines.  To this end a survey was 
sent to higher education institutions in both the UK and the rest of Europe (through the COST 
C25 network) specifically asking about postgraduate education in sustainability within the built 
environment disciplines.  The researchers collected information about types of degrees, sustain-
ability topics covered, and teaching methods. It also asked for online teaching resources which 
are to be used as reading material for the summer school.  At this stage the responses in terms of 
types of degrees and topics covered within the curriculum are not enough for an informed dis-
cussion but there has been a good response of information about teaching methods.  The survey 
asked which teaching methods were used in their institution when teaching education for sus-
tainable development and which they found most effective to establish whether this reflects 
what is being documented in the literature.   A comparison has been made between teaching 
methods used and preferred in the UK and the rest of Europe. 
 
 
10.  COMPARISON OF TEACHING METHODS IN UK WITH COST C25 INSITUTIONS 
 
Both the UK and other European institutions still have a high reliance on the more traditional 
approach of lecturing with 100 percent of responses in the UK using lecturing as a teaching me-
thod and 66.7 percent in the rest of Europe.  The difference between the UK and the rest of 
Europe is in the use of other teaching methods alongside lecturing.  The responses from the UK 
show a much wider use of other, less traditional methods.   

The rest of Europe (COST C25 responses) relies heavily on critical/systematic thinking and 
lecturing, with 50 percent also using active learning.  With only 33 percent using problem solv-
ing and 16 percent using student centred learning and reflective practice, there is little move-
ment towards the less traditional methods explained as more effective in the literary review.   
“The way of teaching is connected to real everyday situations, providing lectures with theoreti-
cal background, regulation and a lot of best practice cases with presentation of tools, checklists 
that can be used in practice” (COST C25 Institution). 

Whilst in the UK lecturing is still heavily relied upon as a teaching method, other less tradi-
tional methods are used more frequently than those documented from institutions in the COST 
C25 grouping.  Critical/systematic thinking and problem solving are used by 80 percent whilst 
student centred learning; active learning and project based learning are used by 60 percent of re-
sponding institutions.  Reflective practice is only used by 20 percent which is unexpected as the 
literary review explains that sustainability is a personal and academic issue and reflective prac-
tice is useful in developing a students’ personal understanding of the subject. 

When asked to comment on their choice of teaching methods reflections were given on the 
use of lecturing alongside the less traditional methods.  “All of the above are used because they 
each provide a specific outcome, the combination of which delivers an overall rich learning ex-
perience”  (Herriot Watt UK).  Choice of teaching methods is directly related to available re-
sources; “suits resources available to teaching and links theory with practice” (Huddersfield 
University UK).   

The less traditional methods are particularly appropriate to students at postgraduate level as 
they are required to take more responsibility for their own learning.  “They are appropriate for 
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level 7 modules at Masters level, where the student takes responsibility for their own active en-
gagement with material, and can critically reflect on issues and problems to discuss opportuni-
ties and threats” (Northumbria University UK). 

When asked to rate the most effective teaching methods the answers follow the trend of the 
use of the methods.  The UK found critical/systematic thinking, active learning, problem solv-
ing, project based learning and personal tutoring to be ‘highly effective’ whereas the rest of 
Europe only found critical/systematic thinking and active learning to be ‘highly effective’.  Al-
though both rely heavily on lecturing it was only rated as ‘effective’ in both surveys.   

 
 

11. CONCLUSIONS  
 
The current research project is in its infancy, and as a result this is an interim report of progress 
to date.    

 
At this stage due to the small number of responses it is not possible to give an adequate as-

sessment of the content and number of post graduate degree programmes which currently either 
contain sustainability or indeed are stand alone courses in sustainability in the built environ-
ment.  However it has been possible to start to get an idea of modes of delivery. 

 
It is intended that this research project will continue for a further six months in order to col-

late as much information as possible on post graduate degree programmes relating to sustain-
ability in the built environment, as this is needed in order to develop material for the proposed 
COSTC25 summer school and Erasmus Mundo programme .   This will therefore be presented 
at the next COST C25 meeting in 2010. 

The number of responses elicited from COST C25 member and UK institutions invited to 
participate in this survey has been five apiece demonstrating that it has been as easy to obtain 
information from UK universities not involved in COSTC25 as it has to engage with members 
of the COST Action.  Therefore if each country representative was to both complete the online 
question as well as forward it to colleagues working in other institutions within their countries, 
we would have a much more informed understanding of the state of sustainability education for 
built environment disciplines across Europe and be able to draw tangible conclusions. 
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1 SUSTAINABLE BUILDING 
1.1 Introduction 
How to achieve sustainable building and construction can be approached from more than one 
side. On the one hand the question could and should be raised on how decision makers, policy 
makers, politicians etc. can create the right circumstance, rules and perhaps also regulations to 
further advance sustainable building. For this they largely depend on the input and knowledge 
based on thorough research and analysis of the many problems associated with sustainability.   

An important role is played by the construction Industry itself. Our society has to find and 
provide solutions and innovations that can achieve our goals of less negative environmental im-
pact and a better use of our materials and energy. These solution need to be economically viable 
and socially and culturally acceptable. There are many problems to overcome and path towards 
a more sustainable construction industry has many obstacles 

Yet another approach towards sustainable construction, perhaps equally important is the bot-
tom-up approach. What can individuals, clients and principals, but also architects, structural en-
gineers, consultant firms, contractors, do, to accomplish a more sustainable building project. 
Case by case should be evaluated and should be approached with tailor-made solutions. Designs 
however should incorporate the notion and goal of sustainable building right from the start. To 
make an already existing architectural design, which has not been conceived with these essential 
notions, “sustainable” at a later stage seems virtually impossible. Some add-on sustainable 
measures will work merely as cosmetics but can not achieve real sustainable solutions.  

Because both approaches, from the perspective of the industry as well as the perspective of 
the individual design project are essential, this paper will first give some general notions about 
sustainability and will then look at these two main items. The important processes and influ-
ences that can either advance or hinder progress in the sustainable construction industry are dis-
cussed. They are looked at from the viewpoint of management and innovation theories.  

In the next chapter the bottom up approach towards sustainable construction is provided, by 
an attempt, far from complete, to provide a list of what subjects and approaches are essential to 
consider, when designing a sustainable building/ construction project.    
1.2 Sustainability in general  
Sustainability can be broadly defined as the capacity to endure. Developments over the last dec-
ades have raised questions on the capacity of our planet to endure our current human way of 
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life. Sustainability has been defined amongst other definitions, by the Brundtland report, now 
more than 20 years ago, as: “...development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs”. The Brundtland report has 
been followed by many initiatives, globally: Kyoto protocol, Agenda 21 but also many national 
and local programmes. 

Much of our current ways of living in our society is based on developments and processes 
that need large amounts of raw materials and fossil fuels. Our build environment and the con-
struction industry play an important part in these economic processes and is responsible for a 
very substantial part of the total material and energy consumption. The effects of this behaviour 
is still under discussion and no simple consensus among experts is reached. For example the 
data that indicate global warming are far from evident. Many scientist and certainly in the public 
opinion, the notion is clear however that we can not go on consuming in this way. Sustainable 
building and construction therefore should be seen as a way to contribute to the reduction of 
these unendurable consumption patterns and to return to more endurable levels, by preventing 
the depletion of our natural resources. It was John Elkington who defined the triple bottom line: 
People , Planet and Profit, (Profit is now often replaced by “Prosperity” making the triple bot-
tom line: People, Planet and Prosperity). 

The balance between these three main pillars not only needs expert judgement but also often 
a matter of political judgement and decision. Political choices, depending on views in which di-
rection the need for improvement is needed most, and where compromises can be accepted. 
Therefore it seems impossible to give simple rules or weighting factors for the trade-off between 
these three main items of sustainability. For this reason sustainable building is probably very 
much depending on the society in which it is implemented and should take into account the lo-
cal circumstances and local socio-economical factors. 

2 SUSTAINABLE CONSTRUCTION BY INTEGRATED INNOVATIVE INDUSTRIAL 
PRODUCTION 

2.1 Introduction 
The construction industry at present is faced with the need to innovate to become more sustain-
able. The research and views on what and how this can be accomplished is based on a merge of 
two schools of thought namely on (1) project management and on (2) innovation systems. Both 
focus on performance and the factors that have an impact on it such as the elements in the set-
ting in which production and construction takes place. The concepts of these theories has been 
applied as a tool to identify the factors that have an impact on sustainability of construction per-
formance in the Netherlands. The results point at opportunities to increase a sustainable per-
formance by cross-industrial collaboration in the production chains of the construction industry 
to bring about Integrated Innovative Industrial production. The latter, however, requires change 
towards closer collaboration in the rather tradition bound Construction Industry. Findings of this 
case study contribute to an understanding of the aspects that are determining for the take off of 
sustainable construction and thereby give a guideline for sustainable construction practices. 

Traditional construction processes are blamed to be un-sustainable in terms of resource deple-
tion and waste generation due to the application of un-sustainable products and construction 
processes. At the same time the construction industry (CI) at present is faced with the need to 
innovate in order to struggle out of the grasp of intensified competition and to respond to the in-
creased societal pressure to meet the demand for sustainable and cleaner industrial production, 
higher quality of output against lower cost and higher value added.  

Sustainable construction (SuCo) is a concept which genesis dates in the early 1990’s. SuCo 
advocates the creation and operation of a healthy built environment based on resource efficiency 
and ecological principles. (Kibert, 2003). The principles proposed for SuCo include: reduce, re-
use, and recycle resources; protect nature in all activities; eliminate toxic substances from con-
struction; apply life cycle economics in decision making; and create a quality built environment 
(Kibert, 2003). The credo that has been launched since the new millennium is: “doing more with 
less”. A new concept- based on nature that was taken as model- prescribes that products should 
be designed from the outset so that even after their functional lives, they will provide nourish-
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ment for something new. (McDonough and Braungart, 2002) Of paramount importance in SuCo 
is the optimum application of these principles during all stages of the life cycle of buildings. 
Other ways of bringing about the built environment are required.  

This means that SuCo requires investment in innovations, i.e. new knowledge creation for 
sustainable products and building processes, their diffusion, adoption and implementation in 
projects. These are all long-term, high risk ventures. (Manseau & Seadan, 2001). Moreover eco-
innovations are normally not self-enforcing. Innovative Integrated Industrialised (3xI) construc-
tion – i.e. off-site standardized manufacturing of building parts and even of whole buildings- 
has shown to contribute to the achievement of at least a large part of these objectives. 

In the following the theoretical approaches which we used in our research will be introduced. 
After this the findings will be presented of an explorative study on the SuCo strategies and prac-
tices of the stake holders of the Dutch CI and the resulting sustainability of their performance. 
After that a discussion will follow on the lessons learnt and a contribution to guidelines for 
SuCo by emphasizing the opportunities offered by cross-industrial collaboration for industrial-
ised innovative SuCo. 

2.2 Theoretical background 
The research described in this paper leans back on (1) project management theories and (2) in-
novation theories. In the perspective of the project management theories Sustainable Construc-
tion (SuCo) Performance is seen as the ultimate outcome of how construction projects are man-
aged, i.e. the sustainability of the products and production processes which are selected and 
applied. Packendorff (1995) put forward that construction should be seen as a temporary organi-
sation process i.e. “a deliberate social interaction occurring between people working together to 
accomplish a certain, inter-subjectively determined task”. Koskela and Howell (2002) consid-
ered performance as a result of “transformation” processes that include “flows” and “value” 
generation. By integrating these two models to investigate how the sustainability of construction 
performance is achieved, one can see a framework with three mutually related determining fac-
tors on construction processes: (1) expectation/ motivation/ incentives of the individual stake-
holders to carry out the construction process in a certain manner by application of certain build-
ing products, (2) Action as central element in the construction process and (3)Learning/ 
knowledge to select and apply certain building products and processes. Cleff & Rennings 
(2000) add an additional dimension to these views. They put forward that‚ since factors of tech-
nology push and market pull alone do not seem to be strong enough, sustainable production and 
construction need specific regulatory support. Hence the role of supporting and regulating pub-
lic and private organisations in funding and encouraging SuCo is considered critical. Thus the 
National Government is hold responsible for the development of clear sustainability policies and 
legal, fiscal or financial measures resulting in actions that change the behaviour in the market ei-
ther in a voluntary or in a compulsory way in order to minimise the negative impacts on the en-
vironment (Bourdeau, 1999). Also the knowledge institutions -Educational and R&D institutes- 
are supposed to support in knowledge for innovative eco-solutions, whilst banking organisations 
may offer financial support.  

In line with the above, the innovation system theories also pose that interactions take place in 
the innovation system of the construction industry (CI0 whereby knowledge and skills are ex-
changed between the stakeholders in the CI to achieve certain determined performance targets. 
An innovation system is seen as a set of distinct interconnected institutions – i.e. the project exe-
cuting stakeholders as well as the governmental agencies and knowledge institutions- which 
jointly and individually contribute to innovation (i.e. the development, creation, diffusion and 
implementation of knowledge, skills and artefacts). This innovation system defines new tech-
nologies and provides the framework within which governments formulate and implement poli-
cies to intervene in the innovation processes (Metcalfe, 1995; Harkema and Baets 2001, Eg-
mond 2005) Stakeholders are considered to collaborate preferably in strong relationships in the 
innovation system each contributing with own knowledge and skills, whilst sharing the benefits 
and risks of innovation with the others. Stakeholders involved in the CI such as Clients and De-
signers are together considered to be responsible for sustainability during the life cycle of build-
ings. Designers have a key responsibility in product innovation as well as in their advisory task 
to clients for the selection and application of environmentally sound technologies and building 
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systems (e.g. standardized industrially produced building elements, by means of which on-site 
waste production can be decreased and building systems with an increased recyclable material 
content.) Materials suppliers and materials manufactures are held responsible for materials that 
meet SuCo requirements. (Bourdeau 1999). Contractors are accountable for process innovations 
for clean on-site construction.  

The innovation system theories are rooted in the broad field of evolutionary and institutional 
economics and sociology of technology. The focus is on the resulting innovativeness of the per-
formance, how and why the operations and interactions take place and which stakeholders with 
which knowledge and commitment are involved in these processes. The axiom is that innova-
tion contributes in many different ways to the improvement of the production performance and 
competitive success of firms and that cross-industrial integrated collaboration is imperative to 
improve this performance (Chesborough, 2003; Bessant and Tidd 2007). 

The innovation system theories pose that stakeholders in any industry operate following a 
prevailing Technological Regime. Technological regimes are seen as social constructs: a pattern 
of knowledge, rules, regulations conventions, consensual expectations, assumptions, or thinking 
shared by the actors in the innovation system. The technological regime characterizes the pro-
fessional practice of the network actors and guides the design and further the development of 
innovations (Dosi 1982, Nelson & Winter 1982). In short: the Technological Regime includes 
the stakeholders‘(1) practices and actions, (2) knowledge and experience and (3) expectations, 
motivations and incentives. (Egmond 2005). Besides there is the macro level framework where 
socio-economic, cultural, natural and physical aspects rule the game and which has always been 
an important determining factor in the professional practices. (Lundvall, 1992; Edquist, 1997). 
Consequently, it can be concluded that a variety of contextual factors at different levels has an 
impact on sustainable performance. At macro-level, it is the socio-economic context reflected in 
policies, laws and regulations. At meso-level, it concerns the technological regime in the innova-
tion system, i.e. the social norms, interests, rules and belief systems that underlie the strategies 
of companies, organizations and institutions and policies of political institutions. At micro-level, 
individual actors, with their sets of knowledge and technological skills, have an impact on inno-
vation and local practices (Kemp et al1998). In this perspective, it can be stated that any innova-
tive sustainability effort will be successful, when it fits in the prevailing innovation system and 
its technological regime (Nelson & Winter 1982; Douthwaite 2002).  

Alike other industries, the CI is faced with an increased complexity of the demand in the 
market and with increasingly shorter and freaky lifecycle of products or services. Construction 
firms and organisations are more and more urged to collaborate in networks and beyond the 
boundaries of their own sector to achieve sustainability in the whole production chain. Innovat-
ing in new combinations of firms and organizations in networks offers new chances of new 
markets; a direct link with the market thanks to improved access to information; a better utiliza-
tion of the available knowledge within the organization but also beyond (knowledge leverage 
and knowledge spillovers); increased efficiency through direct collaboration with clients; and 
shorter lead time from idea to market. In fact, for firms it all comes down at the need for search-
ing, selecting and applying complementary knowledge to innovate by collaborating with others 
(Bessant and Tidd, 2007; Chesborough, 2003). The CI compared to the manufacturing indus-
tries however is a tradition-bound sector despite its many cross–industrial relations. However 
production chain relations in construction are ad-hoc and project based and firms are facing un-
certainties and a vulnerability to risks which leads to information and knowledge hiding. 
(Franco et al, 2004) This forms a barrier to learning and exchange of knowledge about project 
experiences and is detrimental to innovation and improvement towards a sustainable perform-
ance.  

Our research merged the above described schools of thought. The premise was that by know-
ing the sustainability of construction performance as well as the features of the factors at work, 
opportunities can be identified to increase sustainability, the quality of output and cost-
efficiency of construction firms. The concepts of the merged theories were used as a tool to 
identify the sustainability of construction performance in the Netherlands and how the factors 
have an impact on this. The theoretical framework as shown in figure 1, point at the regulatory 
and supporting framework that has an impact on the sustainability of design and construction by 
the stakeholders in the innovation system of the CI which on its turn depend on the prevailing 
Technological Regime: (1) the practices: collaboration, integration, development and use of sus-
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tainable technologies and building systems; (2) the knowledge and awareness amongst the 
stakeholders with regard to their valuation of sustainability aspects which in turn influences 
their behaviour and their capacity to act environmental friendly (3) their motives, willingness 
and commitment to sustainability e.g. ‘the extent to which people are willing to give sacrifices 
for public interest’. The actions taken by the stakeholders also depend on their financial capacity 
vs. the costs of the sustainable solutions.  

 

 
Figure 1. Theoretical framework  

2.3 Sustainability in the technological regime of the Dutch construction industry 
Since the beginning of the 1990’s a relatively small network of green organizations composed 
of green consultants, green architects, green real estate developers, and green contractors oper-
ate in the field of SuCo. Many of these organizations had a certain relation to universities and 
research centres. Methodologies for lifecycle analysis of materials, energy and buildings, were 
developed -most at universities and at research institutes related to universities- stimulated by 
the government. (Bijen and Schuurmans, 1994). This knowledge is transferred to consultants 
working in the network who used this in the demonstration projects financed by the govern-
ment. The knowledge and experience developed in these projects was used to further develop 
and improve design tools for the use of materials, energy, buildings and the built environment. 
(Anink and Mak, 1993; Haas, 1992; Stofberg, 1996). Frequently, these lists were used to stan-
dardize SuCo practices. The awareness amongst construction stakeholders regarding the impor-
tance of achieving a more sustainable built environment has been given a new boost during the 
last years in the Netherlands. Increasing construction resource costs and a growing lack of on-
site skilled labour -enhanced by a greying society- stimulated innovation in construction to-
wards industrialization and improved sustainability. Development and application of innovative 
solutions to reduce energy, materials and waste are the most popular strategies. Less attention is 
given to water saving.  

Building regulations are the most important reason for construction professionals to imple-
ment energy strategies, although energy saving is often mentioned as a priority by the major cli-
ents in their environmental policies to get a green image. Window insulation, high performance 
boilers for central heating and solar boilers are applied to increase energy efficiency. Window 
insulation is most often applied, probably because this is most easy energy saving solution to 
apply in existing buildings. (MNC, www.rivm.nl) Thus far investments in innovative technolo-
gies such as solar boilers are still not yet completely cost-effective and thus are not really com-
mercially appealing.  

The strategies employed to improve the sustainable use of building materials include (1) de-
materialization; (2) substitution; (3) increase of the lifespan of the building and building parts; 
(4) enhancement of the reuse and recycling of building parts and materials. The majority of 
strategies to improve the sustainable use of building materials are focused at the substitution of 
the traditionally used building materials. In more than 50% of the built houses for example this 
takes place by using innovative eco-materials and products like FSC timber, water based acrylic 
binders, recycled PVC rainwater pipes, water saving toilets, water saving showers. Paints with 
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limited solvents, concrete aggregates to substitute gravel, and high performance glazing are less 
often applied, whilst separate water tubes for hot water and second hand building materials are 
applied to an even much lesser extent. (Klunder, 2002)  

Based on the awareness of the important role which industrialised building can play in driv-
ing up quality and value while cutting resource utilization and construction costs Industrial. 
Flexible and Demountable systems (IFD) were developed. Requirements for the IFD building 
systems included (1) a completely dry building method: no pouring of concrete, mortar joints, 
screeds, stuccowork, sealant or PUR spray; (2) a perfect modular dimensioning: a great deal of 
attention has to be given to the engineering details, prototype testing, and assembly instructions 
(3) the adjustability/ adaptability of all parts in differing degrees: bearing structure (lim-
ited),installation (practically unlimited), outer shell (limited and modular),interior finishing 
(practically unlimited and modular); (4) a maximum flexibility with respect to vertical and hori-
zontal piping, providing various possible locations for toilets, kitchens and bathrooms.(System 
catalogue IFDToday 1999) IFD also requires a process innovation: early strong cross-industrial 
collaboration between the stakeholders and a multidisciplinary approach during design and pro-
duction, with changes in the traditional roles of the stakeholders. Specific skills are required for 
the organization and facilitation of and participation in the design, production and construction 
process. By working following these lines of thought the IFD building concept is expected to in-
tegrate the requirements of various construction phases. IFD building can be seen as a three-
pronged strategy to innovate the building process with the resulting benefits of (1) flexibility for 
the client, (2) industrial production for the manufacturer to cut materials, costs and time and in-
crease quality, and (3) demountability for society to decrease waste. (Van den Brand et all, 
1999) The industrial production of components offers increasing opportunities for sustainable 
construction. Demountable building enables a separate replacement of components with various 
life spans, thereby extending the life of the building as a whole and thus decreasing waste gen-
eration due to demolition. (Steering Committee Experiments in Social Housing IFD/SEV 
www.sev.nl). In the course of time large investments in innovation have taken place to meet the 
goals for IFD by collaborations between the knowledge institutions, industry and housing cor-
porations. Much research was particularly focused at developing innovative load-bearing struc-
tures, building envelopes and interior building components. A result of research on the load 
bearing structure was a main structure that is composed of a steel support construction of hot-
rolled standard profiles with concrete panel floors usually made of hollow elements, whilst pip-
ing is integrated in the supports and the floor panels. This offers an optimal free space which 
provides various layout possibilities whilst partitions can be placed anywhere. (Hendriks 1999) 
A rather successful development based on this frame of thinking was the replacement of on-site 
solid masonry for the industrially produced hollow ceramic tile cladding system for external fa-
çades, maintaining the “ceramic architectural look“, while reducing mass and increasing flexi-
bility, dismantling and re-use options. It is a sandwich construction (cavity wall) with a concrete 
inner wall (80mm), a core of 120mm insulation and a concrete outer wall with a finishing of 
split burnt bricks. Glazed window frames are integrated in the prefab masonry facade elements. 
Wall sockets are integrated in the inner cavity wall as well.  

A pilot study of construction resource costs in the EU in 2006 showed that the Netherlands, 
Belgium and the Scandinavian countries perform rather well in terms of sustainable resource 
utilization. The common factors that made this possible included: Substantial off-site profit; 
Highly mechanized site distribution; Just-in-time delivery of material and components; Low 
load of material waste; Well-paid onsite workforce; Skilled and well-trained workforce; High 
level of R&D; Flexible relationship between design/architecture and contractors; Early influ-
ence of contractors in the design process; Use of liability insurance. (Hamelin, 2007) Yet in the 
Netherlands the success for the moment is far behind the practice in for instance Scandinavian 
countries. Swedish CI for example uses industrialised techniques to cut costs for residential con-
struction. So-called catalogue housing units are prefabricated with different modules allowing 
the design of fully personalised buildings, fully finished, including wallpaper, radiators, bath 
and kitchen units. The building site is protected from the weather and the house can be assem-
bled by a team of four people. (Goodall, 2007) Belgium has several factories producing pre-
fabricated units with a well trained workforce, limited subcontracting and lean management. A 
contractor provides detailed technical designs. Alternative solutions to facilitate industrialisation 
and extensive R&D are made possible through partnerships with universities. The pre-fabricated 
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units lead to at least 30% savings in steel and concrete. (Goodall, 2007) By working along these 
lines the roles of the various stakeholders in the construction chain are changing drastically. 

A major focus in technological innovation and industrialisation for SuCohas been on residen-
tial construction. Rovers (2007) mentions that in office building construction only marginal im-
provements have been established, and this mainly depends on the client’s ambitions to expose 
a green image. An important development in this sector has been the reduction of the con-
structed volume by means of an innovative organisational concept: the flex-working concept. In 
this working concept –which is based on the view that most of the employees are only part of 
the time present in the office- there are no fixed work places anymore. Employees have to seek 
for a desk which they can occupy anywhere in the office building. With the flex concept up-to 
50 % space reduction has been achieved (Rovers, 2007).  

Sunikka and Boon (2002) put forward that sustainability strategies (if any) usually only take 
into consideration the early phases of new construction projects. The whole lifecycle of a build-
ing gets less attention. Sustainable maintenance and demolition is often still neglected. A market 
research in 2001 concluded that the CI stakeholders in the Netherlands were still not very much 
well-disposed towards sustainable building. For example only 44% of the housing corporations 
that were interviewed mentioned to be interested in having a green image, whereas 41 % said 
they rarely profile themselves as being sustainable. They indicated that only 33% of their ten-
ants have interest in sustainable building, 49% tenants are only interested to a certain extent and 
9% are not interested at all. Moreover the willingness to invest in SuCo is rather limited: only 
16% of the tenants were willing to pay extra for environmental measures (Sunnika and Boon, 
2002). However this was the situation in 2001. It has changed in the meantime, although the ac-
tual implementation of sustainability strategies in the CI in the Netherlands still has not very 
much taken off.  

2.4 Regulatory framework for Sustainable Construction in the Netherlands 
In 1990, SuCo became a policy issue in the Netherlands via the National Environmental Policy 
Plan Plus of the Ministry of Housing, Spatial Planning and the Environment (VROM). In peri-
odic plans the current state in SuCo and future strategies are set out (VROM 1995, 1997, 1999). 
The national and municipal government authorities mostly stimulated the developments of eco-
innovations by means of a reasonable coherent mix of policy instruments: direct and indirect 
regulations and self regulating instruments.  

By means of direct regulations the Dutch government tried to stimulate energy savings. Only 
after 1995, a first breakthrough in the CI took place, when the Energy Performance Norm (EPN) 
came into force. The EPN is part of the Building Code which implies that applicants of building 
permits have to show that their building specifications meet the EPN before a municipality will 
issue a permit. How this energy efficiency target is achieved is left over to the actors in the CI. 
(www.epn.novem.nl). This freedom makes this policy instrument highly appreciated by the CI.  

Indirect policy instruments are largely used in the Dutch SuCo policies. These encompass 
both negative (based on the polluter pays principle) and positive financial instruments, such as 
subsidies and tax relief, meant for (1) consumers: e.g. the energy subsidy schemes to private in-
dividuals for the EPA -an advice on how to save energy in their building- as well as for the im-
plementation of energy saving measures and (2) eco-innovators and project developers: e.g. In-
novation Subsidy for collaborative projects managed by different ministries.  

Self-regulation instruments include the Energy Performance Advise (EPA), DuBo packages 
(DuBo = Dutch for SuCo), a SuCo information centre, Sustainability assessment methods and 
Demonstration projects. In the demonstration projects and experiments the CI was pointed at the 
opportunities of Industrial, Flexible, and Demountable (IFD) building methods. EPA was de-
veloped to stimulate energy saving in existing buildings. DuBo packages were developed to 
provide guidelines and support to increase awareness and knowledge about SuCo.  DuBo pack-
ages include almost hundred guidelines for SuCo Terms of Reference, Design, Construction, 
Use and maintenance as well as several prescriptions related to waste & material management. 
The DuBo packages still exist but are not any more up-graded. The packages have been useful 
in being rather practical, but too detailed in prescribing how to implement SuCo. Freedom in 
design and construction was gone, provoking resistance among the building industry. The pack-
ages had no legal enforcement power and were mainly applied in combination with DuBo-
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contracts between municipalities and private companies in agreements to adhere to the guide-
lines of the DuBo packages. The DuBo-centre is an information point for SuCo, created in col-
laboration with market actors and research institutes.  

2.5 Barriers to Sustainable Construction in the Netherlands 
The impact of the Dutch DuBo policy can be noticed in improvements in SuCo practices thanks 
to the coherence of the policy mix. Broad support for the SuCo policies could have been 
achieved by its development in close collaboration with the market parties. (Bueren & Priemus, 
2002, p.75-77). However the actual results in terms of reduction of environmental pressure by 
the CI were less significant. Despite the measures that are taken in the meantime Klunder (2002) 
mentions that the actual impact of applying energy saving strategies so far contributed less than 
5% to decrease the environmental pressure, whilst there even is 6-9% increase of environmental 
pressure due to the continuous use of non-renewables although they are used deliberately. Also 
the impact of sustainable material utilization strategies to decrease the environmental pressure is 
limited, e.g. 5% by reusing and recycling of building parts and materials. However a contribu-
tion to the decrease of environmental pressure of 13% is established by particular material selec-
tion, substitution and industrial production and 20% by an increase of the lifespan of the build-
ing and building parts. (Klunder 2002) This underpins the valuable contribution which 
industrialized construction can have to improve sustainability in the CI. One of the reasons for 
the limited results that have been reached so far, is that “SuCo strategies are not adopted on a 
large scale” (Bueren 2001, p.1-2). The lasting effects do stay away at present. The technological 
regime, motivation, willingness and commitment amongst the CI stakeholders appears to be a 
constraining factor. Only a small part of the market uses SuCo as a mean to distinguish itself. 
With this development, sustainability has become part of the quality principle. The learning ef-
fects of demonstration projects are too small, since often these projects are not evaluated. If so, 
the results are not widely communicated. The real threat to sustainable building, however, is the 
lack of market demand. Sunnika and Boon (2002) mention that costs, capacity and knowledge 
amongst construction clients, such as housing associations, and acceptance by building users 
and tenants, are important barriers to SuCo.  
2.6 Conclusions and discussion 
Suco issues and building life cycle thinking are expected to be integrated in the development of 
design, building elements and components as well as in the execution of construction projects 
alongside the traditional factors such as functionality, aesthetics, technical and physical durabil-
ity, producability and costs. The efficiency and efficacy of the CI has improved in the course of 
time. Government support was an absolute condition to create loyalty to SuCo in the Nether-
lands. Subsidies are considered as an important stimulation measure (SBR, 2001). However the 
actual targets for Suco are not yet reached. Besides after years of promotion and stimulation of 
environmental building practices, the Dutch government has decided to chance its policy line 
into a more commercial approach. From 2004, the market was expected to pick up the phe-
nomenon of sustainable building (van Hal, 2002, p.7). At the moment the main driving parties 
are municipalities and large organisations that initiate new innovative projects. 

The CI is challenged to change their practices in order to achieve SuCo targets. The driving 
factors for the achieved results in SuCo were cost reduction, profit and output maximization. Al-
though there have been a number of successes in pilot projects, innovative technologies, demon-
stration projects and financial schemes there was no success in terms of absolute reduction  of 
resource use in the CI.   

However the strategies focused at minimization of losses in primary materials and material 
uses have underpinned that industrialised construction which takes into account the sustainabil-
ity aspects, by means of the development and implantation of innovations, contributes to the 
achievement of this objectives. By focussing in design and project execution at standardized 
materials, recycled and renewable materials, flexibility and dismantling of these and the use of 
exact sizes of prefab panels, waste generation decreased significantly. However SuCo is under-
stood to be more than only insulation and waste reduction in traditional building construction. 
Policies have primarily focussed on material and energy saving in buildings and waste reduction 
during the construction process. Yet new “cradle to cradle” views indicate that SuCo should im-
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ply that buildings are designed from the outset so that even after their functional lives, they will 
provide nourishment for something new. (McDonough and Braungart 2002) Hence SuCo re-
quires the implementation of innovative solutions in the CI and project execution which go be-
yond the traditional and generally accepted way of building. Designers, building material pro-
ducers and contractors thus need to bring about design concepts, building elements and 
components as well as adaptations in the building processes by collaboration, innovation, inte-
gration and industrialisation of construction processes in order to achieve the optimum applica-
tion of the sustainability principles during all stages of the life cycle of buildings.  

Innovative sustainable solutions for design, building materials en processes require invest-
ment in time and research costs, whilst such efforts are risky and their results cannot always be 
predicted to turn out positively. This boosts the perception of high investment costs of SuCo. 
Besides life cycle thinking implies additional costs that occur on top of the initial investments. 
Although the Dutch case learns that there is apparently no dispute in the CI about their respon-
sibility to meet the SuCo targets, there is reluctance amongst the various stakeholders in con-
struction to be individually responsible in risky endeavours. A weakness of the CI to innovate 
for improved sustainability is the division of roles and responsibilities in the CI. Design and se-
lection of building systems and materials is in the majority of the projects in the hands of the 
designers and consultants, which results in aesthetically sound but too often expensive build-
ings, waste, longer construction times and inferior guarantees. Another difficulty is that it is al-
most impossible to specify a sustainable building. There are new practices, such as componenti-
zation and innovative integrated manufactured building. Yet sustainable innovation should take 
into account the fragmented nature of the industry with lots of small SMEs as well as long and 
complex supply chains. SMEs form the largest proportion of the CI but are not well represented 
among the bodies that develop sustainability standards, new practices and best practices. Sus-
tainability standards and norms are essentially to support the construction practice but there is a 
lack of knowledge on SuCo in the CI. Moreover, the CI is largely project-oriented, so learning 
and knowledge tends not to be passed on outside the small firm and its co-contractors. (Desmi-
jter 2007) Innovation for SuCo calls for building teams in which the construction project parties 
collaboratively share the risks. For the achievement of the adoption of SuCo measures on a large 
scale it is essential to accompany environmental gains with gains in building-economic terms 
and in health improvements. Dutch experience learns that government support is necessary to 
stimulate SuCo. Hence policy should incorporate incentives for the industry to partly carry the 
risks.  

3 THE BOTTOM UP APPROACH, DESIGN OF A SUSTAINABLE BUILDING 

3.1 General principles 
Some first general  principles to be used in the design of a sustainable building can be derived 
from the general principles and the so-called triple bottom line: People, Planet, Prosperity,  

 
1. Reduce dependence upon fossil fuels, underground metals, and minerals 
2. Reduce dependence upon synthetic chemicals and other unnatural substances 
3. Reduce encroachment upon nature 
4. Meet human needs fairly & efficiently 

 
From here some aspects to achieve sufficient socio-cultural, economical and ecological qual-

ity in building and construction can be derived. The first three points mentioned above, are 
mainly focussing on ecological quality. They are about impacts on the environment. The im-
pacts caused by processes related to building and construction that can roughly be categorised 
as materials impact and energy impact.  

The last point is about the human need (in case of building this will be shelter, or accommo-
dation) and is also about economic and socio-cultural quality. These last aspects are usually re-
garded as a bit more difficult to assess or quantify.  
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3.2 Human need, technical and functional quality 
Starting with the last point of the last paragraph, number four: A building, following from the 
design and construction, can be seen as a “materialised answer” to a human needs and thus as a 
requirement for shelter and accommodation. Beyond any doubt each building should achieve a 
sufficient level of technical and functional quality as is required by its anticipated use and func-
tions. The minimum levels of performance requirements, it’s technical performances with re-
gards to functionality and usability, but also with regard to safety, health and comfort, should be 
achieved. Certainly in the future the building’s required sustainability, should also follow the 
principles of Performance Based Design and should be defined in terms of minimum perform-
ance levels, wherever possible. In many fields however the definition of performance and it’s 
quantification are still insufficiently developed. Our existing methods are far from complete and 
often still under discussion. Furthermore many evaluation tools, building rating systems and 
certification methods, for example Leed or Breeam, but also LC(I)A-methods focus on evaluat-
ing and measuring sustainability of an already completed design. Therefore it is impossible to 
give simple rules and simple solutions on how to design a sustainable building, as we do not yet 
have been able to exactly define in detail what a sustainable building is. From the discussions on 
sustainability and from the topics that are regarded most important, for example in rating sys-
tems, it is however possible to see which of the topics can be regarded as important and in 
which direction our focus towards sustainable building should go. 

3.3 Economic and Socio-cultural aspects 
For economy, the direct indicators to the building: the life cycle costs, initial cost and operating 
costs, maintenance costs and repair costs,  as well as return on investment rates play an impor-
tant role. Apart from these, aspects like availability of capital, general finance, interest rates, 
(un-) employment and transportation could be influential in the assessment and evaluations of 
new building construction projects. LCC, Life Cycle costing is regarded as a first step in this di-
rection. Rather than looking at the initials costs, design decisions need to be balanced against 
the consequential Life cycle Cost, for example due to the need for maintenance, repairs and or 
replacements.    

For socio-cultural aspects: Considerations should be given to the reduction/ prevention of 
negative socio-cultural impact and the creation of positive impacts. Or simply, the proposed 
building should enhance the welfare of humans and not reduce their welfare. For socio-cultural 
matters, indicators in the field of architectural quality, accessibility, transport and commuting, 
health, comfort and safety, (prevention of) accidents and crime, play a role in the assessments 
and therefore could be used as attention points in the design process. (Sometimes health, com-
fort (and also parts of safety), are considered to be already represented in the first general tech-
nical and functional quality requirements and less in the specific sustainability requirements. 
The reason for this is that often national building regulations already give minimum require-
ments in these fields.) The problems lie in conflicts of interests and well-being between for ex-
ample users on a local scale and affected people, perhaps experiencing hinder, on another scale. 
Obviously to reduce hinder as much as possible should be the aim. An important part in this 
plays the overall Urban planning. Different views on urban development may result in large dif-
ferences in impacts and the overall sustainability of the build environment. This is a compli-
cated subject which can not at all be disregarded in sustainable building, however, here we will 
focus on the scale of a building rather than the urban design. Some main aspects regarding the 
selection of the building site are furthermore mentioned: 

3.4 Planning and site selection 
Some indications regarding the planning and site selection can be given: 

– Select a site nearby the public transportation. 
– Select a site nearby the commercial, cultural facilities and recreation areas. 
– Try to encourage walking or bicycle use  
– Try to encourage alternative transportation (low emitting and fuel efficient cars) 

. For example there can be more parking lots for vehicles mentioned above 
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While positioning the building on the selected site north, south, east, west directions and also 
the main wind direction must be considered (by the help of daylight usage you can reduce elec-
trical energy demand) 
Protect and retain existing landscaping and natural features. Select plants that have low water 
and pesticide needs, and generate minimum plant trimmings.  

Even in the construction process itself choices are made that influence the health and comfort 
of the environment. An example is the choice between much noise- and vibration generating 
hammered pile systems or silent drilled pile systems.  

3.5 Trias Ecologica 
With regard to environmental impact Senter Novem has introduced a three step approach to-
wards sustainable building, limiting the ecological impacts called “Trias Ecologica” the three 
basic step are : 

 
– Limit demand and use 
– Use renewable sources 
– Strive for utmost efficiency 
 

From the viewpoint of Cradle to Cradle, Van Den Dobbelsteen suggest that the Trias Eco-
logical should be revised. “Less is not good enough” should in his view mean that the third step 
should be omitted, because it will mean that still a large amount of non-renewable materials and 
energy will be used. Whether this is realistic or will remain an Utopia remains to be seen. Basi-
cally the Trias Ecologica can be applied to both materials and energy while trying to avoid the 
third step as much as possible. 

3.6 Energy 
As long as our main energy use depends on fossils fuels, the most important ecological step 

towards sustainable building should be to limit the energy demand of the building as much as 
possible. This can be done in a number of ways. Many experiments have shown that passive 
buildings and zero-energy buildings are feasible.  

For energy the Trias Ecologica would become “Trias Energetica”: 
 

– Limit the energy demand 
 

Use an optimal orientation of the building towards the Sun. Make use of the passive building 
concepts, make use designing special parts of the building only to be used under optimal climate 
conditions, for example glass-houses to gain sun heat, to be closed of at night and cold condi-
tions.  Use night time ventilation for cooling. Use compact building to limit energy losses. Use 
high insulation values for floors, roof and facades. Prevent energy leaks through good detailing. 
Prevent energy losses through long distances between services equipment. Use as less acclimati-
sation as possible and adapt the use of parts of the building accordingly. Make use of daylight. 

 
– Use sustainable energy resources 
 

Make use of renewable energy sources, generate as much sustainable energy as possible with 
photo-voltaic panels, make use of wind-generated electrical energy , use solar panels for warm 
water production. Make use of earth temperature for both cooling and heating systems. Cluster 
functions with possible exchange of energy-flows. 

 
– Meet the remaining energy demand as efficient as possible 

 
Make use of energy efficient systems, for example low temperature heating/ cooling systems, 

use efficient heat pumps. For lighting use low voltage, low energy lighting systems. Use heat 
recovery in ventilation systems 
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With regard to energy there are many efficient software programs that can be used in the dif-

ferent stages of the design process to calculate the effects of technical details and different de-
signs and can quickly compare alternatives.   

3.6.1 Use of the building 
Lately designers start to become more aware about differences in theoretical energy consump-
tion and the real energy consumption of a building. One important reason for this is the way that 
people are behaving and using a building is different from what was assumed and taken into ac-
count.  Thriving for relatively easy systems that are not too complicated to understand and that 
are easy to operate by it’s users should in general be the aim. Also better information towards 
users of buildings on how to operate, use and maintain the building seems to be a key issue that 
has been disregarded for too long.    

3.7 Materials 
For Materials trias ecologica means: 
 

– Limit Material demands  
 

Thriving for lean construction and making as efficient use of materials as possible is the most 
important aspect in this step. It should be noted however that this should be measured over the 
whole life cycle of the building. Use of a certain overcapacity in for example the structure could 
increase the flexibility and therefore the chance for a longer life.  Also it is not directly clear 
how limiting the material demand relates to achieving a high insulation value, which can often 
only be obtained by using more insulation materials. As a principle to thrive for however it is a 
useful indication.  

 
– Use sustainable material resources 
 

Use natural and recyclable and re-usable materials only by finding alternatives for non-
renewable materials. In case of waste production the principle “waste equals food” [….] should 
apply. As an example the use of certified wood, from certified sustainable forestry is mentioned.   

   
– Meet the remaining material demand as efficient as possible 
 

Use available local materials with as less transportation/energy incorporated in the production 
and installations of these materials as possible. For water efficiency: Make (re-)use of rainwater, 
limit the amount of waste water, make use of natural water cleaning processes and reuse and re-
cycle this water where possible. 

3.8 Triple Zero Concept 
Another approach towards sustainable design, often applied as basic rules to thrive for, is the 
Triple Zero Concept. The Triple Zero Concept tries of course to achieve the same goals as the 
Trias Ecologica. Basically it has 3 simple messages, namely 

 
• Zero Energy Building  
 
The building requires no (ZERO) energy. The energy generated from regenerative sources on 

and in the building or the immediate piece of property upon which the building stands is at least 
equal to the entire primary energy requirements of the building for heating, cooling, hot water, 
auxiliary power and power for all typical domestic applications. A step beyond this concept 
would be a building that is a net producer of energy. 

 
• Zero Emission Building 
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The building produces no (ZERO) CO2 emissions. The reference value is the total primary 

energy demand, which is then converted to CO2 emissions. No burning processes are permitted 
in the building or on the property. Also in this case, for example with roads and traffic noise 
screens there are already experiments that have a positive impact, for example in the reduction 
of fine dust. 

 
• Zero Waste Building  
 
No waste (ZERO) is produced when the building is being converted or deconstructed. At the 

end of their life cycle all building elements can be fully recycled without any components need-
ing to be burnt or sent to a disposal site. The plot of land can be returned to nature without any 
fear of contamination or residual waste. 

4  “POINTS OF ATTENTION” 

4.1 Materials 
Around 50% of all global resources go into the construction industry, with a specific example 
being that 70% of all timber is used for building. It is therefore very important that a sustainable 
approach to choosing and using materials is adopted, in order that the industry can meet the tar-
get of, '...providing for people of today and not endangering the generations of tomorrow...'. 

The environmental and economic benefits of sustainability are inherently linked when con-
sidering building materials, due to the long-term financial advantages of recycling, using recy-
cled products and sourcing heavy materials locally. 

4.2 Material selection 
The 20th century has seen remarkable developments in material technology and the two dozen 
materials which were used by Victorian forebears has been replaced by anything between 40000 
and 80000 different materials. Whereas two dozen materials of 19th century would be used to 
meet all known applications builders and engineers have to be wildering array to choose from. 
In general construction does not use high –technology materials, but a larger range of materials 
are now available than ever before. For example UK construction consumes something over 400 
million tonnes of material per annum, and the total value of UK construction materials is 20 bil-
lion pounds. This includes new built and repairs and refurbishment.  

Concrete is one of the most widely used construction materials in the world. However, the 
production of Portland cement, an essential constituent of concrete, leads to the release of sig-
nificant amount of CO2, a green house gas ; one ton of Portland cement clinker production is 
said to creates approximately one ton of CO2 and other green house gases. (GHGs) How to 
Choose and Use Materials in a more Sustainable way? 

A variety of decision-aiding tools exist, which can help to evaluate the environmental cost of 
a manufactured product in the context of social and economic benefit. These include Life-Cycle 
Assessment, Eco-Labelling and Embodied Energy Audits, all of which could help when choos-
ing materials and suppliers to assess the balance between short-term costs and long-term envi-
ronmental, social and financial benefits. 

4.2.1 Materials Efficiency  
• Select sustainable construction materials and products by evaluating several characteristics 

such as reused and recycled content, zero or low off-gassing of harmful air emissions, zero or 
low toxicity, sustainable harvested materials, high recyclability, durability, longevity, and local 
production.  

• Use dimensional planning and other material efficiency strategies. These strategies reduce 
the amount of building materials needed and cut construction costs 

• Reuse and recycle construction and demolition materials.   
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• Require plans for managing materials through deconstruction, demolition, and construc-
tion.  

• Design with adequate space to facilitate recycling collection and to incorporate a solid 
waste management program that prevents waste generation.  

4.2.2 Water Efficiency  
• Design for dual plumbing to use recycled water for toilet flushing or a grey water system 

that recovers rainwater or other no potable water for site irrigation.  
• Minimize wastewater by using ultra low-flush toilets, low-flow shower heads, and other 

water-conserving fixtures.  
• Use recirculating systems for centralized hot water distribution.  
• Install point-of-use water heating systems for more distant locations.  
• Use state-of-the-art irrigation controllers and self-closing nozzles on hoses.  

4.2.3 Waste 
"Sustainable waste management means using material resources efficiently, to cut down on the 
amount of waste we produce. And where waste is produced, dealing with it in a way that ac-
tively contributes to the economic, social and environmental goals of sustainable development."  

 
How much Waste does the Construction Industry Produce? 
 
The Construction Industry Research and Information Association (CIRIA) have reported that 

an estimated 72.5 million tonnes of construction and demolition waste are produced annually. 
This is around 17.5 % of the total waste produced in the U.K. Furthermore, 13 million tonnes of 
construction materials are delivered to sites in the U.K. and thrown away unused every year. 
This is not sustainable. 
4.3 An example of a sustainability assessment method/rating system. 
In the course of time also several sustainability assessment methods were developed to support 
decision making in construction projects, such as Greencalc and GPR. GPR–Gebouw stands for 
Municipal Practice Guidelines for Building. GPR bldg. is an assessment method developed by a 
Dutch consultant (W/E-adviseurs) and the municipality Tilburg based on a pronounced vision 
on sustainability. Sustainable building is defined by them as: “creating built environments with 
a highest possible quality and at the same time a lowest possible environmental pressure. Maxi-
mising quality implies safeguarding of quality of health, use value and environment, at present 
and in future”. Besides contributions have to be made to minimising problems such as the 
greenhouse impact, exhaustion of resources and loss of bio-diversity. GPR – building is a soft-
ware instrument that converts design data of a building into quality and sustainability perform-
ance ratings compared with sustainability ambitions ratings regarding the topics energy, envi-
ronment, health, use quality and future value. Each topic is given a quality rating on a scale of 1 
to 10. The rating system is based on the performance of reference buildings and LCA-
calculations. It is comparable with other rating systems such as the US Leed and UK Breeam. 
The method was primarily developed for new buildings, but the newest version gives also in-
sight in the sustainability of existing buildings. The software tool provides a rather rapid and 
simple insight into the impact of certain energy-saving measures or the application of other ma-
terials in an existing building. It gives concrete tips for practical decision making.  The applica-
tion of GPR bldg. includes the following steps. First the current situation of a bldg. is mapped 
by using simply available data such as architectural drawings and actual energy consumption. 
Possible missing data are collected by an on-site bldg. inspection. After the import of the data in 
the software, performances ratings on a scale of 1 to 10 become visible on energy, environment, 
health, use quality and future value. The method gives insight in the difference between meas-
ured quality and desired quality. The higher the quality - or the lower the environmental pres-
sure – the higher the score will be. A score of 5 is - if relevant – equivalent to the level of the 
prevailing Dutch building codes. The performances are conveniently arranged and reflected in 
consumer and CO2-reduction labels. The energy certificate -obligatory by 1 January 2007 in the 
Netherlands for new buildings- is part of this consumer label. The result of an exercise with 
GPR forms a basis for the communication between market parties and municipalities concerning 
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environmental quality. GPR also gives an indication and guidelines for the way on which the 
desired quality can be achieved by interventions (e.g. use of innovative solutions in new build-
ings, large maintenance or renovation). By using the GPR method clients and other CI stake-
holders can simply get insight in the possibilities for SuCo. The instrument is rather user-
friendly and makes transparent which ambitions have been agreed, what has been realised and 
has been saved in terms of for example the amount of CO2.  

The method is offered as a license to potential users such as municipalities, provincial au-
thorities and market parties and has gained quite some recognition in the meantime especially 
amongst governmental agencies. It is integrated in the current guidelines for sustainable pro-
curement by government authorities. Provincial authorities stimulate municipalities to express 
their sustainability ambitions by using this method.  

Still there is a form of subjectivity in the instrument, whilst the exact definitions of the used 
concepts are not always clear. The use of the instrument in various study projects has shown 
that the concepts in the instrument are subject to various interpretations by the user, which re-
sults in different ratings for the same building. The developers of the instrument still continu-
ously up-grade and improve the method, also by attempting to include the newest views such as 
“cradle-to-cradle production”.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Example of a GPR sustainability rating 

4.4 Integrated Life Cycle Design  
Our built environment in general struggles more and more to keep up with the speed of changes 
in our society. The average life time of a building becomes less and less. In the building indus-
try this will mean a shift towards the adaptation and improvement of existing buildings.   

For the design for a sustainable building project, the whole life cycle of a building should be 
considered. The use of different life scenario’s can provide a better perspective on future de-
mands and possible changes in user demands. We have to look at all stages of the building con-
struction and demolition, but including of course the operation and use phase of the building. 
The negative impacts as well as the positive gains have to balanced and considered, incorporat-
ing the whole life-cycle of the building, from material and energy extraction up to the recycling 
and waste disposal. This means that decisions should include the expected period of use, con-
sidering the break-even points of “the environmental investments” etc. 

A building can be seen as a complex combination of many different  building elements and 
building systems, each with possibly different service lives. To extend the service life of a 
building as a whole, the building structure and its relations to other building elements play an 
important role. To ensure a longer life and more sustainable use of the involved materials, the 
building as a whole should incorporate the property of allowing changes and or replacement of 
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building elements with shorter service lives, for example facades, building services, and allow 
for interior changes in the space plan etc. due to changes in use. For this reason it is useful to 
design flexible building structures. For the design of new buildings it will mean that we need to 
incorporate into our buildings the property of Flexibility and Adaptability: The quality of adapt-
ing to new, future changing requirements. A flexible structure means that the structure itself al-
lows for possible expected as well as unexpected future changes to the rest of the building. The 
structure should provide sufficient space and bearing capacity to allow for these changes. It also 
means that the integration and connection to other building “layers” should be in such a way 
that connections are easy accessible and reversible. Flexibility can be used as a strategy to im-
prove the probability that a longer service life can actually be achieved and thus reduces the risk 
of early demolition of the building due to a short functional working life. 
 
Table 1.   Proposed Service life for buildings for Life Cycle Analysis with required level of flexibility 

Category Assumed working life (to be 
used as service life in LCA) 

Required level of flexibility, transforma-
tion capacity 

Temporary 1 - 
Short Life 10 - 
Medium Life 25 Low 
Long (normal) Life 50 Medium 
Very Long Life 100 High 
 
To main items with regard to flexible structures are listed here. They are the main attention 

points to further increase the flexibility and thus increase the chance on a longer functional 
working life of the building: 

 
• Prevent mixing of different building layers where possible,  
• Separate building layers with different service lives 

 
For the building structure, usually the building layer with the longest service life: Use passive 

flexibility” 
 

• Provide sufficiently large space for other building layers and functions 
• Provide sufficient bearing capacity (possibly also for future changes in use) 
• Provide sufficient accessibility to the other building layers and their connections 
• Use reversible solutions and connections where possible 

 
In case of applying active flexibility for a structure: Adaptability  

• Provide adaptable  parts in the structure , for example removable floor elements to allow 
for future positions of stairs in case of possible extensions or future changes. 

 
To increase the possibility of re-use and recycling of materials and prevent contamination of 

the recyclable and reusable materials, the material combinations and connections should be re-
versible as much and as easy as possible. This way the impacts and the use of energy used to 
separate materials can be kept as low as possible. In some instances of course this is in conflict 
with the properties and requirements, for example in the use of protective paint systems. Look-
ing for alternatives can reduce impacts significantly. In the use and operation of a building a 
trade-off might be considered between comfort and the use of certain building spaces. Glass 
greenhouse-like structures might be very useful in gaining solar sun heat, thus providing heating 
for a building in wintertime.  In summer however this area might be too warm to use. The 
choice of making this greenhouse a comfortable usable area in summer, perhaps only possible 
with the use of much energy consuming cooling equipment versus simply not using these spaces 
when too hot in summer, should be considered seriously. The same rule could be found for cold 
spaces in wintertime. This is however not a new concept:  Many farms in the Netherlands form 
the 18 th century, had a summer house as well as  a winter house. The winter house was adja-
cent to the cattle stables area, making thus use of the heath of the cattle in the winter and was 
build with thicker walls and smaller windows. Each year in spring however families would 
move to the summerhouse, right next to it, equipped with large and high windows, making use 
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of the natural light as much as possible. The impacts of maintenance and repairs by using easy 
replaceable materials and elements, for example made from ecological grown timber should be 
compared versus the impact of longer use of materials together with the use of protective sys-
tems. Simple solutions, for example larger overhangs of roof eaves can prevent direct rain and/ 
or sun on façade elements and could achieve the same goals as paints that might need mainte-
nance every 5 years and probably would show a much larger negative impact.  

4.5 The future cannot be predicted. 
Although it can be expected that technology will probably bring improvements in easy demoli-
tion of buildings, separating waste materials, and better reuse of waste materials, it would be too 
easy to assume that all problems will be solved by technology in the future. Many of these proc-
esses, if they would become available at all, might very well be complicated and costly, or 
might only work for specific cases and under specific circumstances. Manufacturers and pro-
ducers of building materials will need to become more and more responsible for taking back 
their own produced materials and take responsibility for finding solutions for the reuse of their 
own products, materials and waste materials. Problems have been postponed too long. The focus 
in sustainable building and construction should be on preventing future impacts all together.  

When thriving for sustainable building the difference in service lives of different building 
elements and products should be taken into account. Building elements or building layers with 
different service lives should be fitted accessible, demountable and replaceable to prevent a 
forced early end-of-life of the building as a whole. In general, strategies for flexibility and 
adaptability can be applied to ensure a sufficiently long service life and to incorporate future 
expected as well as unexpected changes in user requirements. Buildings that need a high initial 
investment in terms of energy and materials such as high rise buildings will probably need a 
longer service life to achieve a sufficiently low impact per year of use. In order to achieve this 
longer service life it is advised to increase the flexibility level of these buildings. When looking 
at the end of life scenario for the building it should be considered to thrive for, in order of pref-
erence: prevention of all waste, waste minimisation, reuse of materials, recycling of materials, 
energy recovery, waste disposal. 

5 CONCLUSIONS AND DISCUSSION 

How to achieve sustainability can be approached from different viewpoints. Already in chapter 
two it has become clear what the main driving forces in the construction industry are, at least for 
the Dutch situation, and how the government can and should play a role in stimulating best 
practise. From the perspective of the designers, now more and more different approaches and 
recommendations become available. In general sustainability tools however are more focussing 
on evaluating existing designs and already made design decisions, rather than giving design 
recommendations. For design a number of different approaches can be used. “The Triple Zero 
Concept” and the “Trias ecologica” where just two of them. They are useful because they focus 
the designer right from the start of the design process to incorporate sustainability in every de-
sign decision to be made. It seems necessary to follow this approach because it seems impossi-
ble to achieve sustainability by simply adding some sustainability measures to an already almost 
finished design. This might be good for “cosmetic” reasons, however it can never achieve the 
needed level of sustainability that can turn around our consumption levels of materials and en-
ergy to sustainable levels.  
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1 OVERVIEW 

Ecological design is defined as the kind of design activity which transforms matter and energy 
using processes that are compatible with nature and modelled on natural systems. This is a 
process very similar to conventional design, but with some remarkable exceptions. The main 
differences are priorities established for green building design. From them the most important is 
that ecological design must be integrated not only with the environment but also with the 
ecosystems that are present. 
 Ecological design expresses sustainability in the sense of a long life span as well as the 
limitation of environmental damage. The central problem is determining the building materials 
in terms of how they affect the environment. For example a relatively complex device 
containing insulation, wiring, controls and other materials contributes to an exceptionally low 
energy profile for the building, but cannot be considered to be inherently green because its 
fundamental material cannot be readily recycled.  

There are three priorities to select building materials for a project. The first is reducing the 
quantity of materials needed for construction. The second priority is to reuse material and 
products from existing buildings (deconstruction). The third priority is to use materials with 
recycled content and that are recyclable themselves. 

Steel have high potential for recycling and most steel products used in building applications 
have significant recycled content. Steel has long been the building material of choice for 
commercial construction for reasons of strength, durability and stability. Although the LCA and 
embodied energy impacts associated with metals may appear to be higher than alternatives, the 
inherent recyclability of metals, their durability and low maintenance make them competitive 
for high-performance building applications. Even while two out of every three pounds of new 
steel are produced from old steel, it is still necessary to continue to use some quantities of virgin 
materials. This is true because many steel products remain in service as durable goods for 
decades at a time and demand for steel around the world continue to grow. 

Sustainability Survey of Some Existing Steel Office Buildings  

Yesim Kamile Aktuglu  
Dokuz Eylul University, Faculty of Architecture, Department of Architecture, Izmir, Turkey 

Miroslaw Broniewicz 
Technical University of Bialystok, Poland 

 

ABSTRACT: Steel, is the basic material, both in the structures and for the finishes of office 
buildings. It shows its power to be adaptable to any shape in any manner, including large span-
ning without any obstacles, its capacity to be designed according to the climatic factors in a 
more natural manner, comparable to other construction materials, and its long duration in time. 
All these features of steel figure out its sustainable potential. Consumers are becoming increas-
ingly concerned about the environment. They need to be able to make informed decisions about 
the impact of their activities.  

In the paper, the sustainability level of the existing steel office buildings will be defined to 
get a more realistic guide book for the coming ones. 
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There are many benefits of using steel in office buildings comparison to other construction 
materials, which increase its demand in the construction industry. Most of the buyers are now 
opting for prefabricated steel buildings that are strong, durable and reduce the time frame of 
construction. Properly designed office buildings contain flexible and advanced working 
environments for business. Compared with traditional buildings (such as concrete or brick 
buildings), steel buildings has shorter construction period about 1/3 time. The dead load of steel 
building is lighter, so higher buildings can be built on the same foundations. At the same time, 
because the column, wall and floor plate are thinner than traditional counterparts, the usage 
space of steel building is bigger than traditional buildings. These above will make extra profits 
for owners. As steel building has good ductility, its earthquake resistance performance is better 
than traditional building. 

2 STEEL BUİLDİNG OFFİCES 

2.1 Head office building for Manitoba Hydro Concrete production 
The most expressive example of energy efficient office building is the new head office building 
for Manitoba Hydro in Winnipeg, Canada (Figure 1). Manitoba Hydro Place uses geothermal 
energy storage which produces all the energy required to cool the building and 60 per cent of 
the energy needed to heat it. The design uses a "living building" concept that interprets and 
reacts to its physical environment rather than the traditional method of achieving energy savings 
by isolation from the elements through highly insulated and sealed construction. The shape and 
massing of the building was generated by solar orientation. Two towers converge at the north 
and divide to the south to capture maximum sunlight. The envelope is divided into separate 
single and double glazed walls, with a partially conditioned buffer zone in between. The 
temperature between the two walls is heated slightly, to ensure minimum temperatures during 
winter months, maintaining the performance of a triple-glazed façade. These buffer zones are 
configured in the winter for thermal insulation and fresh air heating (in the case of the south 
atrium), however their configuration changes with the seasons, through actively controlled, solar 
shading, exterior venting and humidification systems. A solar chimney, a tall thin slab at the 
main entrance on the north end of the building, draws fresh air through the building from the 
south atria. The south atria also feature a water curtain that enriches the space while efficiently 
adjusting humidity. 
 

 
Figure 1. Head office building for Manitoba Hydro in Winnipeg, Canada  
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2.2 Kraanspoor office building 
The example of the steel building which represents the ultimate in green building philosophies 
and combines the old construction with the new idea is Kraanspoor office in Amsterdam (Figure 
2). Located on the river IJ in Amsterdam, Crane Track began life in 1952 as a concrete crane 
platform along a harbour. It was saved from demolition and used as the foundations of a con-
temporary, a three-storey, 12,500m² glass office building. The building’s transparent image 
would not have been possible without the slim steel construction. By using a skeleton made of 
light steel containing hollow floors, the existing concrete construction was fully utilised, and as 
a result maximised square metres of office space. A double-skin façade with movable louvers 
and solar-controlled glazing regulate the building’s indoor climate, whilst openings in the floor 
and a low-energy mechanical extraction system provide ventilation. In summer, Crane Track is 
cooled by water from the river below whilst, in colder months, the relatively warm water from 
the river is used to preheat the central heating system. Beneath the building, nestling sites at-
tracts local bird life 
 

 
Figure 2. Kraanspoor office in Amsterdam 

 

2.3 Unilever House  
Steel construction may be perfectly utilized to refurbishing old houses. The example of such re-
furbishing project is Unilever House which was originally built in the 1930s . The interior of the 
building was completely rebuilt to include a modern communications infrastructure. All of 
17,621 m3 of concrete and 6,452 tonnes of steel have been recycled, and 5,491m2 of the origi-
nal flooring was reused. The project achieved a recycling rate of 86%. Construction materials 
are being sourced locally wherever possible to promote local trade and reduce long transporta-
tion. The final building has a full-height glass atrium with six glass lifts, a restaurant on level 8 
and a Green roof garden on level 9.  

The construction of the building consists of a series of lozenge columns, which were formed 
by the welding of two continuous side plates between two CHS sections. These columns support 
fabricated from plate and hollow sections lift guide arms, which were welded on the site after 
the erection and plumbing of all support columns. The cellular beams were used to integrate the 
services within the structural floor depth. 
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Figure 3. Unilever House 

 

2.4 Commerzbank Headquarters  
When it was built, Commerzbank Headquarters in Frankfurt, Germany, 1991-1997, with its 
fifty-three storeys, is accepted as the world’s first ecological office tower and the tallest building 
in Europe. Not only the perfect settlement at the corner of the block, but also its features, includ-
ing sky gardens, and central atrium helped it to be an ecological building, while structural steel 
was preparing the foundation for the office floors. Its sky gardens which spiral around the build-
ing are very useful to bring daylight and fresh air into the central atrium and they create a focus, 
both visual and social for office place. 

The plan of Commerzbank is triangle in triangle. There are office floors around the mid-
triangle, which houses a full-height central atrium.  In the corners of the plan, while the pairs of 
vertical masts enclose the services and circulation cores, they also support eight- storey vier-
endeel beams, which create clear-span office floors. 

There are four-storey gardens, which are set at different levels on each side of the tower. 
They form a spiral of landscaping around the building. These gardens which play an ecological 
role bring daylight and fresh air into the central atrium. This acts as a natural ventilation chim-
ney for the offices toward atrium [4]. 
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Figure 4. Commerzbank Headquarter, Frankfurt [5] 
 
2.5 Daimler Chrysler Residential   
Daimler Chrysler Residential, 1993-1999, of RRP (Richard Rogers Partnership), is on Berlin’s 
Link Strasse, a part of the Potsdamer Platz. The building form, which opens up the South-east 
side of the blocks facing the park, allows light to penetrate into the courtyard, atrium and inter-
nal spaces, and also it provides all flats with unobstructed views out over the park. 

The orientation and analysis of heat losses and solar gains determine the ratio of glazing areas 
to solid wall construction. Fully glazed double-height penthouses are to the courtyard side. A 
water-filled steel structure, acting as a radiator during the winter, supports the glazing system. 

The use of Structural steel in Daimler Chrysler Residential, with conservatories or winter 
gardens adjacent to these big areas do increase the passive use of solar energy [6].  

 

 
Figure 5. Daimler Chrysler Residential, Berlin, Germany [7] 
 
2.6 Swiss Re   
London’s first ecological tall building, named also as 30 St Mary Axe, has a radical approach- 
in the meaning of technical, architectural, social and spatial. It has a radial plan, enclosed with 
an energy-conscious layer, resolving walls and roof into a continuous triangulated skin, which 
allows column-free floor space, light and views. 

Swiss Re rises up to forty-one storeys and has 76.400 square metres for offices and shopping 
areas. It has a restaurant at the top with a view for 360 degrees. 

The use of structural steel made its distinctive form be in reality, by appearing more slender 
than rectangular block of similar size. The transparency is increased while reflections are re-
duced. For the sake of environment, its profile reduces the amount of wind above the ground 
level for the benefit of pedestrians and also it drives a unique system of natural ventilation. 
Swiss Re is a result of the working of Buckminster Fuller with Foster about climate office, 
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which is dealing with nature and the workplaces. With steel and glass and their use for diago-
nally braced structural envelope, Swiss RE gets a column-free floor space and a fully glazed fa-
cade. This design opens up the building to light and views.  30 St Mary Axe, is humanising the 
workplace, conserving energy, democratising the way people communicate within the building 
and the way that building relates to the urban realm [8]. 

 

 
Figure 6. Swiss RE, London, UK [9] 

3 CONCLUDING REMARKS 

Architects and engineers have become concerned about the environmental impact of their build-
ings. Architects and engineers have seen the ecological light and have begun to experiment with 
low-energy building forms [10]. 

In these built examples, we understand the energy consumed to make the building comfort-
able to use- that the design seeks to make savings with the use of structural steel, not only for 
structural system and also for cladding systems by supporting their environmental, social, func-
tional, technical, economical, ecological, cultural performances. 
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1 INTRODUCTION 

Concrete is a very popular construction material. It is estimated that approximately 25 billion 
tonnes of concrete are manufactured globally each year. At the same time, almost 900 million 
tonnes of C&D waste are created annually worldwide, in which, the concrete content varies 
from 20% to 80% (WBCSD, 2009). Except for a few countries (e.g. the Netherlands, U.S. and 
Japan), the demolition waste of a concrete structure is typically disposed in landfills. However, 
since environmental concerns are given special attention, concrete recycling is becoming increa-
singly popular. 

The use of recycled concrete aggregate varies from aggregate base coarse to ready mix con-
crete. Aggregate base coarse are untreated aggregates used as foundation for roadway pave-
ments. This is currently the major market and it represents the simplest and easiest use of recy-
cled concrete. Contrary to the recycled aggregates’ market, the market for ready mix recycled 
concrete is still in its infancy but with a huge growth potential.  

Recycling processes within LCA involve the use of an allocation procedure, in which the 
changes in the inherent properties of materials shall be taken into consideration (ISO, 2006). In 
this case, three main situations may occur (Werner, 2005): 

i) the material’s inherent properties are not changed over the considered product system and 
the material is to be reused in the same application; 

ii)  the material’s inherent properties are changed over the considered product system and the 
material is to be reused in the same application; 

Concrete Recycling in Life Cycle Assessment 

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

S. Marinkovic 
Faculty of Civil Engineering, University of Belgrade, Serbia 

R. Blok 
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ABSTRACT: In the EU about 510 million tonnes of construction and demolition (C&D) waste 
are generated each year, representing 40% of the total waste generation in the EU (WBCSD, 
2009). Recycling of C&D waste plays therefore an important role towards the reduction of 
waste production and treatment, contributing simultaneously for the safeguard of natural re-
sources. Currently, the recycling of concrete is not a common procedure in the EU but in the 
US, about 140 million tonnes of concrete are recycled each year (CMRA, 2009).  

One important issue is therefore to deal with the recycling of concrete in Life Cycle Analysis 
(LCA). The consideration of recycling within LCA is a multi-functionality issue, involving the 
use of an allocation procedure. According to ISO standard 14044 (ISO, 2006), the changes in 
the inherent properties of materials shall be taken into consideration when choosing the alloca-
tion procedure to be used.  

The aim of this paper is to present some of available procedures to deal with recycling of 
concrete in LCA. Furthermore, a life cycle analysis assuming different end-of-life scenarios is 
performed in order to evaluate the benefits of concrete recycling, focussing on air emissions.  
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iii) the material’s inherent properties are changed over the considered product system and the 
material is to be used in other applications. 

In the first case, there is a close-loop situation in which the substitution of primary material is 
assumed to be complete and therefore, no environmental burdens from primary material produc-
tion or final disposal are allocated to the product system. The second case corresponds to a 
open-loop approach assuming a closed-loop situation. In this case, the changed material proper-
ties are considered irrelevant and recycling is addressed as a closed-loop situation. Finally, in 
the last case, there is an open-loop situation where the substitution of primary material is as-
sumed to be partial. In this case, environmental burdens due to primary material production or 
final disposal have to be partially allocated to the system under study.  

Concrete waste is recycled into other product systems while undergoing a change in its inher-
ent properties (ACI, 2001). Thus, in this case, an open-loop situation should be considered. 

This paper presents some of the available procedures to deal with recycling of concrete in 
LCA. Furthermore, a life cycle analysis assuming different end-of-life scenarios is performed in 
order to compare the benefits of concrete recycling. The based scenario for comparison assumes 
that concrete waste is sent to a landfill of inert materials. Two variations are considered in this 
case: scenario 1A considers that waste is disposed directly and scenario 1B considers that waste 
is disposed after going through a sorting plant. Scenario 2 considers a cut-off rule for recycling 
which eliminates all the burdens due to concrete recycling from the system. These simplified 
scenarios, as no allocation is needed, are afterwards compared with two other scenarios where 
allocation is considered. In this case two other scenarios are considered: scenario 3, assuming a 
partition rule of 50:50; and scenario 4, assuming an economic allocation. 

2 ENVIRONMENTAL DATA FOR CONCRETE 

2.1 Concrete production 
In this work, data for concrete production was provided by the Portland Cement Association 
(PCA). The database of the PCA (Marceau et al., 2007) was developed according to ISO 14040 
standards (ISO, 2006) and it provides Life Cycle Inventory (LCI) data for ready mixed concrete, 
concrete masonry and precast concrete. In this section emphasis is given to ready mixed con-
crete and precast concrete. Furthermore, the database differentiates data between concretes 
mixes, both for ready mixed and precast concrete. Thus, seven representative concrete mixes are 
provided for ready mixed concrete (five mixes with 28-day compressive strength of 20 MPa and 
different contents of fly ash and slag cement, and two mixes with 28-day compressive strength 
of 25 MPa and 35 MPa), and three mixes for precast concrete (with 28-day compressive 
strengths of 20 MPa, 50 MPa and 70 MPa). The database is updated regularly (the last update 
was in 2007); the major drawback of this database is the geographic area covered, which regards 
only the United States. The functional unit for the LCI study is the production, in the United 
States, of 1 m3 of concrete at the gate of the factory (“cradle to gate” approach). The system 
boundary for concrete production is illustrated in Figure 1 and it includes cement and slag ce-
ment production, aggregate production, transportation and plant operations. The system bound-
ary does not include the upstream profiles of fuels and electricity. 

The cut-off rule used in this study eliminated energy, materials and emissions associated with 
construction of concrete plant equipment and buildings, as these have a negligible contribution 
to the final products. No allocation is considered for fly ash and silica fume, although they are 
inputs to the system, as they are considered industrial waste materials from other product sys-
tems.  

The LCI study provided by PCA is based on data provided by US national surveys and exist-
ing databases; the environmental flows are calculated as production-weighted averages to ac-
count for the fact that new cement and concrete plants have higher production rates, are cleaner 
and more efficient than older plants.  
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Figure 1. System boundary of concrete production (Marceau et al., 2007) 
 

2.2 End-of-life of concrete 
In this work, it is assumed that concrete will be recycled at the end-of-life stage. As already re-
ferred, the use of recycled concrete aggregate varies from aggregate base course to ready mix 
concrete. Aggregate base course is the major market in the US and it represents the simplest and 
easiest use of recycled concrete. Contrary to the recycled aggregates’ market, the market for 
ready mix recycled concrete is still in its infancy but with a potential for growing (CMRA, 
2009).  

A surmountable barrier to the recycled concrete market is the lack of standards providing 
support the use of recycled aggregates (WBCSD, 2009); nevertheless, recycled concrete is al-
ready an accepted source of aggregate for new concrete by the American Society for Testing 
and Materials (ASTM) and American Association of State Highway and Transportation Offi-
cials (AASHTO) (CMRA, 2009). 

Plants for production of recycled concrete aggregates are not very different from conven-
tional plants for crushed aggregate production (ECCO, 1999). The process of recycled aggre-
gates involves crushing, pre-sizing, sorting, screening and contaminant elimination. Crushing 
and screening systems start with primary jaws, cones and/or large impactors taking rubble from 
30 inches to 4 feet. A secondary cone or impact may be run and primary and secondary screens 
may be used, depending on the final product desired. A scalping screen removes dirt and foreign 
particles. A fine harp deck screen removes fine material from coarse aggregate. Further cleaning 
is necessary to ensure the recycled concrete product is free from dirt, clay, wood, plastic and or-
ganic materials. This is done by water floatation, hand picking, air separators and electromag-
netic separators.  

The differences between the characteristics of recycled aggregate concrete and conventional 
concrete are mainly due to the characteristics of recycled aggregates (ACI, 2001), namely, the 
water absorption of recycled concrete aggregates which is much higher than that of the virgin 
aggregates. This is due to the large amounts of old mortar and cement paste attached to recycled 
aggregates. Absorption values range from 2% to 6% for coarse recycled aggregates and 4% to 
8% for fine aggregates. However, the same principles used to design concrete mixtures with 
conventional aggregates should be used when recycled aggregates are used. Naturally, because 
of the high absorption of recycled aggregates, some deviations in trial batch weights may be 
necessary. The water-cement ratio may be assumed to be the same, provided that the recycled 
concrete contains recycled coarse aggregate and natural sand. The cement content for recycled-
aggregate concrete will be somewhat higher than the cement content of a conventional concrete 
because of the higher free water requirements of recycled concrete mixtures. At least 5% extra 
cement would be required in mixtures using coarse recycled aggregates and virgin fines, at least 
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15% extra would be needed if both coarse and fine recycled aggregates were used. The density 
of recycled aggregate concrete is lower because of the large amount of old mortar and cement 
paste adhering to recycled aggregates. The density of new concrete may be 5% to 15% lower 
than that of concrete made with conventional aggregates. According to (ACI, 2001; WBCSD, 
2009), the mechanical properties of the new concrete are not significantly affected if conven-
tional aggregate in concrete is replaced by recycled aggregates in a proportion up to 20%-30%. 
 

 

 

(a) (b)
Figure 2. a) Production of natural aggregates and (b) Production of recycled aggregates (adapted from 
(ECCO, 1999)) 
 

Environmental data for concrete recycling is not easily found in current LCI databases. In this 
work, data for concrete recycling is provided from two sources. The first source is Ecoinvent 
database (2007). In this case, the dataset corresponding to the process of crushing rock is con-
sidered (the functional unit is 1 kg). This dataset includes the machine, spares and wears, lubri-
cating oil, and the transportation of the new parts to the assembly plant as well as transportation 
of the crusher to the operational sites (based on average distances). Data are based on a specific 
type of crusher (Nordberg HP 400 SX, produced in the USA in 1999). Electricity consumption 
and dust emissions are not included in this process. Data for electricity was added with data 
from Ecoinvent assuming 0.000716 kWh per kg of crushed material (Kellenberger et al., 2007). 

The second source of data is from a recycling company is Serbia – SUSA (Susa, 2008). 
 

2.3 Allocation of recycled concrete 
As referred in previous paragraphs, the process of concrete recycling implies a change in the in-
herent properties of concrete or its use in another application. Therefore, an open-loop alloca-
tion procedure is needed to address concrete recycling. Open-loop recycling is here understood 
as the recycling of a material from one product life cycle into another. In this case, an allocation 
problem arises when deciding about the share of environmental burdens of the primary produc-
tion, recycling and final waste management of the material should be allocated to the LCI of the 
product under investigation (Ekvall and Tillman, 1997).  

This section discusses some of the available approaches to deal with allocation of concrete 
recycling based on a life cycle analysis assuming different end-of-life scenarios. The life cycle 
analysis focuses in air emissions. 
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2.3.1  Simplified procedures 
Three end-of-life scenarios are used assuming no allocation for concrete recycling. These are 
then used for comparison with the following scenarios where allocation is considered. 

Scenario 1A assumes that in the end-of-life concrete waste is going to be disposed directly 
into a landfill for inert materials. Scenario 1B is similar to the previous one, except that concrete 
waste is first going through a sorting plant before being disposed into a landfill for inert materi-
als. Scenario 2 assumes that a fraction of concrete is going to be recycled (80%) and the remain-
ing concrete waste is sent to a landfill for inert materials. In this case a cut-off rule is used, 
eliminating all the burdens due to concrete recycling from the system, as illustrated in Figure 3. 

The cut-off procedure is one of the most traditional allocation procedures for reuse and recy-
cling. It is usually the procedure adopted in LCA softwares (e.g. SimaPro). According to this 
procedure the environmental burdens of all stages from raw material extraction to the disposal 
of non-recyclable wastes are included in the system. The environmental burdens of collecting 
and recycling are excluded from the system, as they are considered burdens to the next product 
system.  

 

 

 

 

 

 

Natural 
Aggregates 

Cement 

Water  

Concrete 
production Use Demolition 

Waste 
disposal 

Recycling 

Inputs 

Outputs

 
Figure 3. System boundaries in the cut-off procedure 
 

In the concrete mixes from PCA, the most significant airborne emissions are CO2, CO, NOx 
and SO2 (Marceau et al., 2007). They account for about 90% of all airborne emissions. The 
emissions of CO2 and other combustion gases are primarily due to the cement content in the 
concrete mixes. Table 1 indicates the amounts of the most significant airborne emissions for the 
production of 1m3 of a 25 MPa ready-mix concrete. The first column corresponds to the produc-
tion stage only (cradle-to-gate); while the three other columns correspond to the stages of pro-
duction plus the end-of-life scenario indicated in each case. In all end-of-life scenarios a trans-
portation process was included assuming a distance of 50 km from the demolition place to the 
disposal place. Data for the processes of transportation, demolition, sorting and disposal into a 
landfill for inert materials were provided by Ecoinvent (2007). The use phase was not consid-
ered in the life cycle analysis, as it has no significant influence on the way the concrete waste is 
disposed in the end-of-life phase. 
 
Table 1. Air emissions (in kg/m3) for different end-of-life scenarios 

  Concrete production + End-of-life scenarios  
 Concrete 

production 
Direct disposal 
without sorting 
(Scenario 1A) 

Direct disposal 
after sorting 

(Scenario 1B) 

Cut-off rule 
(Scenario 2) 

Carbon Dioxide (CO2) 2.62E+02 3.09E+02 (+18%) 3.14E+02 
(+20%) 

3.02E+02 
(+15%) 

Carbon Monoxide (CO) 3.32E-01 4.50E-01 (+36%) 4.62E-01 
(+39%) 

4.25E-01 
(+28%) 

Nitrogen oxides (NOx) 6.97E-01 1.09E+00 (+56%) 1.13E+00 
(+62%) 

1.01E+00 
(+45%) 

Sulfur dioxide (SO2) 3.60E-01 4.20E-01 (+17%) 4.27E-01 
(+19%) 

4.10E-01 
(+14%) 
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It is clear from Table 1 that the disposal phase of concrete cannot be considered a negligible 

contribution to the life cycle. The consideration of the end-of-life scenario increased the amount 
of the initial emissions from 15% to 62%.  

Comparing the three end-of-life scenarios, the scenario where the cut-off rule was assumed 
lead to smaller variations on the amount of the initial emissions. This was expectable as all the 
burdens, in relation to the recycled fraction of concrete, are cut-off from the system. In this case 
the volume of waste produced is only 20% of the waste volume produced in the other scenarios. 

In scenarios 1A and 1B the total amount of concrete waste is sent to a landfill, although in 
scenario 1B the waste is going through a sorting plant. Naturally, this led to an increase on the 
amount of emissions in relation to scenario 1A, where the waste is directly disposed into the 
landfill. According to current legislation, mixed construction waste must be sorted first before 
disposal, thus, in the case of a real application, scenario 1B would correspond to the most ap-
propriate process.  

2.3.2 Other procedures 
In this section two different allocation approaches are selected for comparison, the 50:50 rule 
(scenario 3) and the economic allocation (scenario 4). In both cases the fraction of concrete to 
be recycled is 80% and the remaining concrete waste is sent to a landfill for inert materials. In 
each case, all the processes since demolition to the production of recycled aggregates were 
taken into account.  

Data for the production of recycled aggregates is not easily found in databases, although as il-
lustrated in Figure 1, the processes of producing crushed natural aggregates and recycled aggre-
gates are similar. In this work, data for the production of recycled concrete aggregates is pro-
vided from ecoinvent and from SUSA, a concrete recycling company in Serbia.  

Independently of the chosen allocation procedure, it is necessary to assess the benefits and 
burdens due to the recycling of the material. The benefits due to the recycling process are (i) a 
reduction in the amount of solid waste sent to landfill (C1), and (ii) the safeguard of raw materi-
als, otherwise necessary to produce virgin materials (C2). The recycling process and the produc-
tion of the new material from the recycled material are burdens that need also to be considered 
(D). Considering all the burdens associated with the life-cycle of concrete (A), from the produc-
tion of 1 m3 of concrete from virgin raw material to the disposal of 1 m3 of concrete waste, then 
the net inputs and outputs associated with the system may be expressed by the following expres-
sion (EPA, 2003): 

( ) DRRCRRYCRRAproductNI ×+××−×−= 210 1/   (1) 

where, RR is the fraction of concrete that is recycled and Y represents the efficiency of the re-
cycling process. 

In expression (1) all credits and debits are given to the system that produces the recycling ma-
terial. The differences between allocation procedures regard the way credits and debits are allo-
cated to the system producing the recycling material (product system 1) and to the system re-
ceiving the recycled material (product system 2) (see Figure 4).  

Considering the 50:50 rule, 50% of the credits and debits are allocated to product system 1, 
whilst the remaining 50% are allocated to product system 2. Hence, expression (1) is rearranged 
into expression (2) (EPA, 2003). 

( ) [ ]DRRCRRYCRRAproductNI ×−××+×−= 210 211/   (2) 

This approach is based on the assumption that both product systems are equally necessary to 
enable recycling (Werner, 2005). 

The results obtained in this case are indicated in Table 2, considering the two sources of data 
referred in the previous text. In the calculation it was assumed that 0.6 m3 of coarse recycled 
aggregate are obtained from 1m3 of concrete waste (Nagataki et al., 2004). 
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Figure 4. Allocation between two product systems 
 

The variation in the properties of the recycled aggregates when compared with virgin aggre-
gates is not considered in the previous approach.  

Economic allocation is based on the primary assumption that market prices depict the qualita-
tive degradation of a material over a product system (Werner and Richter, 2000). In an eco-
nomic allocation procedure a weighting factor, expressing the relation between the market 
prices of primary and secondary materials, is used to give credit in accordance to the remaining 
quality of the secondary material. 

Hence, assuming the market price of recycled aggregates (€RA) and the market price of natu-
ral aggregates (€NA), then the total environmental burdens of system 1 are given by expression 
(3) (Werner and Richter, 2000): 

( ) ( ) DRRCRRYNARACRRNARAANI ×+×××−××−= 210 €€€€/   (3) 

This allocation procedure is based on the assumption that there’s a stable price relation of 
primary and secondary material (Werner and Richter, 2000). The market of recycled concrete 
aggregates is recent and local dependent (WBCSD, 2009) which may not comply with the pre-
vious requirement.  

The results obtained from expression (3) are indicated in Table 2, considering both sources of 
data and assuming a weighting factor (€RA/€NA) of 0.6. 
 
Table 2. Air emissions (in kg/m3) for different end-of-life scenarios 

  Concrete production + End-of-life scenarios 
 Concrete 50:50 rule (Scenario 3) Economic allocation (Scenario 4) 

 production (ecoinvent) (SUSA) (ecoinvent) (SUSA) 
CO2 2.62E+02 3.06E+02 (17%) 3.06E+02 (17%) 3.02E+02 (15%) 3.02E+02 (15%) 
CO 3.32E-01 4.43E-01 (33%) 4.42E-01 (33%) 4.30E-01 (30%) 4.30E-01 (30%) 
NOx 6.97E-01 1.06E+00 (52%) 1.06E+00 (52%) 1.03E+00 (48%) 1.03E+00 (48%) 
SO2 3.60E-01 4.13E-01 (15%) 4.11E-01 (14%) 4.06E-01 (13%) 4.01E-01 (11%) 

 
The results indicated in Table 2 are compared with the results obtained for the concrete pro-

duction stage (1st column of Table 2). This table allows concluding that the end-of-life phase of 
concrete cannot be considered a negligible contribution to the life cycle. This conclusion was al-
ready obtained by the use of the simplified approaches (Table 1). The consideration of the End-
Of-Life (EOL) scenario increased the amount of the initial emissions from 15% to 52%. Also 
from this table, no significant variations were obtained by the use of the two datasets. 

Table 3 compares the results obtained in life-cycle analysis corresponding to EOL scenarios 2 
to 4, with the results of the life-cycle analysis with EOL scenario 1B. Comparing the air emis-
sions in each case, no significant differences are noticed between allocation procedures. The 
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cut-off rule (scenario 2) lead to slightly higher results, as no credit is given to the primary sys-
tem due to use of secondary material. 
 
Table 3. Comparison between end-of-life scenarios (in relation to scenario 1B) 

Air emissions Scenario 2 Scenario 3 Scenario 4 
(kg/m3)  (ecoinvent) (SUSA) (ecoinvent) (SUSA) 

CO2 -4% -3% -3% -4% -4% 
CO -8% -4% -4% -7% -7% 
NOx -11% -6% -6% -9% -9% 
SO2 -4% -3% -4% -5% -6% 

 
From Table 3, in terms of air emissions, there is no significant advantage in concrete recy-

cling. This may be explained by the fact that the major source of air emissions (particularly 
greenhouse emissions) in concrete is due to cement production, which gains no credits in the re-
cycling of concrete. However, concrete recycling reduces the use of new virgin aggregate and 
reduces the amount of waste deposited into landfills. In this regard, both allocation procedures, 
by the use of expressions (2) and (3), provide credits to the primary system. A more complex 
analysis is therefore needed to assess the benefits of concrete recycling, which may involve 
trade-offs between different impact categories. This type of analysis is not addressed in this pa-
per.  

This life-cycle analysis focussed on air-emissions. For the application of the allocation pro-
cedures, expressions (2) and (3), several assumptions were needed, which introduced uncer-
tainty in the analysis. Therefore, an uncertainty analysis was performed and the results are pre-
sented in the following paragraphs. 

2.3.3 Uncertainty analysis 
In the uncertainty analysis two types of uncertainty were considered: in input/output flows from 
processes and in parameters.  

For the process of concrete recycling only data from ecoinvent was considered, as no infor-
mation about the uncertainty in data from SUSA was provided. No uncertainty data for concrete 
production was considered. Uncertainty in data for all other processes was provided from ecoin-
vent database.  

Three main parameters were analysed: the recycling rate (RR), the efficiency of the recycling 
process (Y), and the relation between the marked prices of recycled and natural aggregates 
(€RA/€NA). Hence, uniform distributions were assumed for those parameters: RR(0.6,0.9), 
Y(0.5,0.8) and (€RA/€NA)(0.6,0.8). The probabilistic analysis was performed in Simapro 
(2008) by running Monte Carlo simulation, and the results are presented in Figures 5 and 6.  
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Figure 5. Uncertainty analysis of CO2 and CO emissions (kg/m3 of concrete) 
 

330



9,00E-01

9,50E-01

1,00E+00

1,05E+00

1,10E+00

1,15E+00

1,20E+00

1,25E+00

1,30E+00

Scen. 1B Scen. 2 Scen. 3 Scen. 4

NOx emissions

3,60E-01
3,70E-01
3,80E-01
3,90E-01
4,00E-01
4,10E-01
4,20E-01
4,30E-01
4,40E-01
4,50E-01
4,60E-01

Scen. 1B Scen. 2 Scen. 3 Scen. 4

SO2 emissions

 
Figure 6. Uncertainty analysis of NOx and SO2 emissions (kg/m3 of concrete) 
 
The results from the probabilistic analysis reduce even further the differences between the sce-
narios, showing that no conclusions can be taken in relation to the benefits of concrete recy-
cling.  

3 CONCLUSIONS 

In this paper the life cycle analysis of concrete was evaluated assuming different end-of-life 
scenarios in order to assess the benefits of concrete recycling. Concrete recycling implies the 
use of open-loop allocation procedures and in this case, two approaches were used: a partition 
rule of 50:50 and economic allocation. The analyses focussed on air emissions.  

The results of the analyses show that there were no significant differences in the application 
of one or the other allocation approach. Even with the simple cut-off rule similar results are ob-
tained. Furthermore, no significant benefits were found in concrete recycling when compared to 
the scenario of concrete disposal into landfill.  

Nevertheless, failing to use recycling materials increases landfill and the use of primary mate-
rials. Thus, a life cycle analysis of concrete shall include all these impacts together, otherwise 
bias conclusions may be drawn.  
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1 INTRODUCTION 

Building design decisions influence operation cost and environmental impact for a long time, 
typically decades. Therefore they should be based on severe considerations. Among researchers 
and some practitioners futures are discussed through scenarios and future environmental im-
pacts and costs through life cycle assessment (LCA) and calculation of life cycle costs (LCC). A 
certain scenario might be unlikely but can´t be right or wrong which is subsequently also true 
for LCA and LCC results. These tools are used for environmentally benign designs. The meas-
ures are different kind of equivalents (e.g. CO2 equivalents) used as indicators for contribution 
to different impact categories. But also simpler indicators are used for the same or similar pur-
poses which justifies a short summary about environmental indicators. 

In early design phases the most important decisions about a future construction is taken. 
These to a large extent also determine the future environmental performance of the construction. 
But the dilemma is that in these stages there is not enough information for making a proper 
LCA or LCC which calls for full information about all building details. Simplifications, how-
ever, might be done which give valuable and enough information for strategic decisions. This is 
because LCA and LCC calculations for different building materials, insulation thickness, energy 
supply etc. generally give large result discrepancies. This also mean that even very basic LCA 
and LCC calculations might be enough for pointing out a sensible direction for the further de-
tailed design. 

The most basic life cycle approach may only consider one impact category, for example cli-
mate change, and a steady state operation during the anticipated life time of the building. But an 
ISO draft (ISO/TC 59/SC 17) suggests that environmental indicators for buildings should as a 
minimum treat the life cycle stages of manufacturing, construction, use and end of life. Inven-
tory data about construction and of life is however scarce.  

It might be useful to distinguish between tools of different complexity:   
• Basic – basic calculations in excel sheets with simple input and output only covering 

one or a few environmental impacts. No or very little experience is demanded 
• Medium – LCA calculations executed with building assessment tools Ecosoft, EcoEf-

fect, Equer, Legep, Envest, Beat etc (se references). Some experience and exercise is 
required to use these tools (references).  

• Advanced – General and comprehensive LCA tools like SimaPro, Gabi, etc. A lot of ex-
perience is needed to handle these softwares on a building level. These tools demand 
much training and profound understanding of LCA models. They might not even be 
suited for application in early design phases. 

Basic life time considerations in design of buildings and 
constructions  

Mauritz Glaumann 
University of Galve, Technology and Built Environment, Sweden  
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2 ENVIRONMENTAL INDICATORS 

2.1 What is an indicator?  
An indicator is something that helps you understand where you are, which way you are going 
and how far you are from where you want to be (Sustainable Measures). Indicators are quanti-
fied information which help to explain how things are changing over time. They have three ba-
sic functions - simplification, quantification, and communication (further definitions and exam-
ples of applicable indicators are given in Appendix 1).  

Communication is the main function of indicators and to communicate with a wide audience 
simplicity is needed. An indicator distils information derived from analyzing data obtained by 
monitoring and data collection (Dahl 1995). The object is to visualize important and determin-
ing ingredients of complex information. 

Decision makers (ranging from individual consumers to high level policy makers) often de-
cide to take action or not by the help of the simplified knowledge they got from indicators. An 
indicator point to weak areas of the topic and shows how to fix a problem. 

2.2 Sustainability indicators 
Indicators of sustainability are different from traditional indicators of economic, social, and en-
vironmental progress. Traditional indicators -- such as stockholder profits, asthma rates, and wa-
ter quality -- measure changes in one part of a community as if they were entirely independent 
of the other parts.  For communities with economic, social, or environmental problems, good 
indicators can point out the way to a better future. For all communities, indicators can generate 
discussion among people with different backgrounds and viewpoints, and, in the process, help to 
create a shared vision of what the community should be. 

There are a wide variety of indicators used in attempts to quantify sustainability. One among 
several suggested characteristics of sustainability indicators is (After Harger and Meyer 1996, 
Bell and Morse, 2008): 

• Simplicity 
• Coverage (environmental, social and economic) with minimum overlap 
• Quantification 
• Allowing trend identification and determination 
• Sensitivity to change 

The indicators chosen for reflecting sustainability should be responsive and “forecastable” to 
changes in different management strategies and public policy, so they can reflect how economic 
changes affect sustainability concerns” (iisd 2000). 

Some of the general public is concerned about sustainability and the environment. They like 
to be informed about the state of the environment and the economy and how and why they are 
changing. Because of being simplified, indicators can help this general public to understand the 
core part of the topic.  

2.3 Economic indicators 
For many years, a limited number of key economic measures have been used to judge how the 
economy is performing - for example, the level of employment, the rate of inflation, the balance 
of payments, public sector borrowing, etc. These statistics give an overall picture but do not ex-
plain why particular trends are occurring, and do not necessarily reflect the situation of a par-
ticular societal or industrial area. They do, however, provide policy-makers and the public with 
reasonable indicators of changes in the economy, assisting economic policy decision making 
and allowing the public to judge for themselves how the economy is performing overall (Uni-
versity of Reading).  

2.4 Environmental indicators for buildings and constructions 
Environmental assessment tools can be seen as different sets of environmental indicators. Look-
ing at environmental assessment tools for buildings the following areas are generally covered:  
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• Energy and pollutions 
• Water, building material and waste 
• Indoor environment 
• Site and ecology 

Each area typically contains 5 to 10 indicators. They are generally of very different kind in 
different tools and vary from problem oriented indicators (e.g. CO2 equivalents) to feature ori-
ented (e.g. labelled whitegoods) and procedure oriented (e.g. develop an energy management 
plan). Their environmental relevance, referring to that a change in an indicator also should lead 
to a substantial change in environmental impact, differs a lot. The diversity of tool content ema-
nates from lack of consensus about measuring the degree of sustainability of a building. There 
has also been an obvious lack of systematic approach when selecting indicators for a tool.  

Since indicators always have to be a compromise between theoretical (validity, reliability and 
accuracy) and practical demands (cost, intelligibility and possibility to influence etc.) Malm-
qvist (2008) made an attempt to design a systematic approach to make this compromise of se-
lecting indicators reasonable. OECD has made a more general checklist for selecting environ-
mental indicators, Appendix 2. 

A number of construction sustainability indicators have been gathered by the European pro-
ject CRISP.  

3 LCA AND LCC – IN GENERAL 

3.1 LCA, Life cycle Assessment 
LCA is a technique for assessing the environmental aspects and potential impacts associated 
with a product, by 

• compiling an inventory of relevant inputs and outputs of a product system; 
• evaluating the potential environmental impacts associated with those inputs and out-

puts; 
• interpreting the results in relation to the objectives of the study. 

LCA studies the environmental aspects and potential impacts throughout a product’s life (i.e. 
cradle-to-grave) from raw material acquisition through production, use and disposal. The gen-
eral categories of environmental impacts needing consideration include resource use, human 
health and ecological consequences (ISO 14040). Within this framework a number of impact 
categories have been defined for which contributions from buildings can be calculated. These 
are LCA indicators. 

By performing a LCA you get quantitative information about the buildings contribution to for 
instance climate change and depletion of resources, which can be compared with the same in-
formation for other buildings if the system boundaries are the same. 

The principle of LCA calculations is simple. For each life cycle stage you investigate the 
amounts of materials and energy used and the emissions associated with processes. The latter 
are multiplied with characterisation factors proportional to their power to cause different kind of 
environmental impact. One specific emission is chosen as the reference and the result is pre-
sented in equivalents with regard to the impact of the reference substance (Figure 1). 

 

 
Figure 1. Calculation of environmental impacts according to LCA. 
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For example 1 MJ combusted oil is associated with the following emissions and the resulting 
gram equivalent CO2 which represents the contribution to global warming when CO2 is given 
the Characterisation factor 1,0, Table 1. 

 
Table 1. Example of calculating the contribution to climate change by burning 1 MJ oil. 

Emissions  mg/MJ  Characterisation factor  
Carbon dioxide CO2 90 000 x 1 = 90 000 
Methane CH4¤ 4 x 25 = 108 
Laughing gas N2O 1 x 298 = 179 

   gram-equivalents CO2 per MJ 90,3 
 
The number of equivalents summed up for each environmental impact (impact category) can 

further be normalised and weighted to arrive at an aggregated result. The marked area in Figure 
1 is the core of each assessment method. Different tools may use different characterisation fac-
tors and different emission data if production processes and combustion technique differs. Tools 
also apply different normalisation and weighting methods which naturally can cause different 
results. 

The possibility to easily acquire building data improves steadily with modern CAD-tools and 
improved data bases. A basic LCA tool may include a generic database with emission data for a 
limited amount of building materials and energy carriers. Preferably data are retrieved from 
EPDs (Environmental Product Declarations), which are Type III declarations (third party con-
trol, ISO 14025). More sophisticated LCA calculations need access to larger international data-
bases like Ecoinvent. The input data needed for different life cycle stages are illustrated in Fig-
ure 2. 

 
Figure 2. Illustration of the life cycle stages of a building and input data for LCA 

 

3.2 Core elements of an LCA  
Some key elements are needed to perform an LCA which are described in the international 
standard EN-ISO 14040. Although stressed that there is no single method for conducting LCA 
studies it is expected that an LCA includes the following elements: 

• Goal and scope definition 
• Inventory analysis 
• Impact assessment 
• Result interpretation 

During the goal and scope definition, a functional unit (the unit to which the environmental 
impact is related) and system boundaries (the boundaries for what will be included in the as-
sessment) must be defined in relation to the purpose of the study. Data quality requirements 
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should be addressed. At least two life cycle stages must be included, for instance production of 
building materials and operation of the building, to justify talking about a life cycle approach. 

The definition of the functional unit is particularly important when different products, or in 
this case, different buildings are compared. In the European standardisation process Sustainabil-
ity in Construction (CEN 350), it is recommended to call it functional equivalent at building 
level in contrast to functional unit at the product (building material) level. For a residential 
building, the functional equivalent may be described as: A building designed for 90 residents at 
a specific location, which fulfil national regulations and requirements regarding comfort, health, 
safety, energy demand etc. over a presumed life time, e.g. 80 years. 

The step to be performed in a life cycle assessment is shown in Figure 3. 
 

 
Figure 3. Illustration of the actions performed in a life cycle assessment (ISO 14042) 

 
Further, the inventory analysis is the process of compiling the necessary data for the assess-

ment. In the next step, life cycle impact assessment, the calculations described in table 1 take 
place. The life cycle impact assessment (LCIA) has some mandatory elements according to ISO 
14044: 

• Selection of impact categories, category indicators and characterisation models 
• Assignment of LCI results (classification) 
• Calculation of category indicator results (characterisation) 

3.3 LCC – Life Cycle Costing 
Life Cycle Costing (LCC) is a tool for assessing the total cost performance of an asset over 
time, including the acquisition, operation, maintenance and disposal cost. Its primary use is in 
evaluating different options for achieving a client’s objectives, where those alternatives differ 
not only in their initial costs, but also in their subsequent operational cost. 

LCC is central to the current international trend to achieve better value for money from the 
buildings and constructed assets. The focus today has shifted to minimising both life cycle costs 
and the environmental impact (Davis Langdon 2007). 

The inventory of building components for use in LCA can also be used in LCC but here you 
need complementary information on €/MJ and €/kg.  

The benefit with a LCC is that you can study the payback time for the whole life cycle of dif-
ferent building products and design solutions. Since the future interest rate has to be anticipated 
different scenarios should be examined. 
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3.4 Integrating LCA and LCC 
Since both LCA and LCC is based on life cycle thinking assuming a certain life time for ma-

terials and the building they are suitable to combine giving simultaneously both potential life 
cycle costs and environmental impacts for alternative designs. This combination may for in-
stance be used for: 

• Choice of alternative technical solutions 
• Identifying the technical solution that meets an environmental target to the least cost 
• Recount environmental impact into costs 
• Evaluate an building investment 

It can be seen that LCC and LCA can either be used alongside each other in a broader evalua-
tion process, or either process can form an input into the other (Davis Langdon 2007). 

3.5 Aggregation and demand for weighting 
Environmental information is generally complex. To communicate result from a diversified en-
vironmental assessment of a building to decisionmakers simplification is needed. When many 
different environmental issues are assessed it is obvious that they are differently important. The 
purpose of weighting is to compensate for differences in environmental significance so that a 
decisionmaker in spite of condensed information get a sound ground for decision. To make this 
possible somebody else has to decide the relative significances, i.e. set weights.  

Lee et al (2002) is arguing that weighting is the heart of all assessment since it dominantly af-
fects the overall performance score of the building being assessed. Although most environ-
mental assessment tools employ weighting there is no consensus about how to create and use 
weights.  

The Standard for Life Cycle Impact Assessment (LCIA) tells that normalisation; grouping 
and weighting are optional elements of an LCIA (ISO 2000). It further outlines that normaliza-
tion employs baselines and/or reference information while grouping and weighting use value-
choices.  

To utilise weighting demands two decisions. One is to decide how to create weights for ex-
ample if you shall engage some kind of “experts” and use some tool for setting weights, for ex-
ample a Multi-Criteria Analysis Tool like AHP (Analytic Hierarchy Process). Another is to de-
cide on what basis weights should be set. Examples of different weighting grounds are shown in 
Table 2.  

 
Table 2. Examples of basis for weight development 

BASE EXAMPLE  

money willingness to pay 

 loss of production income 
 costs for elimination 
opinions panel of experts 
 group of stakeholders  
 public opinion 
damages what nature can sustain 
 documented damages 
 projections of damage 
environmental goals international agreements 
 national goals 
 sector goals 
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Today a common way to compare things is to transform different entities into economic val-
ues. But since the economic situation for individuals and countries changes constantly it is not 
an easy measure. Especially willingness to pay for environmental improvements is very subjec-
tive. 

To use expert and stakeholder opinions is the most popular way to solve the weighting prob-
lem. Through voting or through an interactive process to bring different opinions into line with 
each other weights are set.  

Documented damages are comparatively easy to measure but forecasting damages is very dif-
ficult especially since many of the environmental problems discussed today are diffuse and long 
lasting. Apart from this difficulty, the extent of damages to people and nature impacts give 
might be the most sensible basis for weighting. 

Environmental goals are seldom set on pure environmental grounds but are rather the result 
of different kind of compromises between groups or countries with specific interests to defend. 

To get an impression of what basis different assessment tools base their weighting on some 
examples are shown in the Table 3. 

 
Table 3. Examples showing weight basis used in different assessment tools 

TOOL   TYPE WEIGHTING BASE/PROCEDURE 

EcoIndicator 99 (NL)  LCA general Damage 
EPS (S)  LCA general Willingness to pay 
GBTool (Int.)  Build. Assessment No base 
Envest (UK)  Build. Assessment/LCA Stakeholder panel  
CASBEE (J)  Build. Assessment Expert panel 
LEED (US)  Build. Assessment Panel (new approach) 
EcoEffect S)  Build. Assessment/LCA Damage 

4 INTEGRATION OF SUSTAINABILITY ASSESSMENTS IN EARLY DESIGN 
PROCESSES 

In the building sector few professionals today have deeper knowledge about LCA. Some people 
in most European countries have extensive experience from developing or using building spe-
cific LCA tools. The simplest and probably most common building related application up to 
current date is the use of LCA for comparing the environmental impacts of different building 
materials. Concerning LCC, the main use is probably for deciding on alternative installations in 
buildings.  

LCA was mainly developed for designing products with low environmental impacts. As 
products, buildings are special since they:  

• have a comparatively long life 
• undergo changes often (especially offices and other localities) 
• often have multiple functions 
• contain many different components 
• are locally produced 
• are normally unique (seldom are many of the same kind) 
• cause local impacts 
• are integrated with the infrastructure, i.e. physical system boundaries are not obvious.  

This implies that making a full LCA of a building is complicated. 
A general problem when applying LCA in a design process is that in early design phases the 

options for choosing different solutions are many and products and amounts not decided. Later 
in the process, when more decisions have been taken, better LCAs are possible to perform but 
then the possibilities to utilise the result for alternative designs are restricted, Figure 4. 
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Figure 4. General illustration of the relation between choice options and product data availability during a 
design process. 

 
There are mainly two ways to get improved information early in the design process and to 

speed up calculations of rough results. One is to utilise a toolbox with already calculated results. 
Another is to introduce facilities to easily create alternative options and extract data with new 
computer programs (BIM- Building Information Modelling. 

If making an LCA or LCC of a building by definition it shall cover the whole life cycle of a 
building. This means that generic facts about the environmentally impacting activities related to 
each stage of the life cycle are needed already from the beginning. According to CEN 350 the 
building´s life cycle stages include: product stage, construction stage, use stage and end-of-life 
stage.  

4.1.1 The building process 
Environmental management in building design is often performed in a standardised way, al-
though sub-divisions of phases and terms may differ. Here LCA could be integrated. In general 
the building process can be described as in table 4. For refurbishment projects, the same phases 
are followed except for that many pre-conditions and boundaries are already fixed.  

 
Table 4. The building process  
Phase Specifications Actors Planning instru-

ments 
1. Project de-
velop-
ment/planning 
phase 

City/spatial planning authorities sets the frames for 
the development.  
Choice of site, orientation 
Costs 
Size (e.g. room allocation plans) 
Targets for the energy performance, environmental 
impact, health requirements etc. are stated. 

Munici-
pality 

Master plan 
Local plan 
Land contract 
Local Agenda 21 
Local environ-
mental targets 

2. Investigation 
phase 

The developer starts the design process. All project 
phases of a new building are based on specifica-
tions made in this phase, so here we can find the 
highest potential for sustainable building design.  
Design – construction (e.g. light weight or heavy 
construction) 
Materials to be used 
if possible e.g. benchmarks for heating and cooling, 
renewable energy sources for the building services 
etc.  

Developer Environmental 
program 
Early sketch 
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2. Preliminary/ 
Conceptual de-
sign / archi-
tects’ competi-
tion 

Revised preliminary design, including preliminary 
selection of superstructure, building materials, con-
structions. In this phase mainly design-related is-
sues are available such as a definition of 
heated/cooled areas, shape/volume ratio, area and 
disposition of windows, building position and ori-
entation. It is generally too early to decide details 
about the technical systems (HVAC) and choice of 
building materials. 

Developer 
Architect 

Environmental 
program 

3. Submission 
planning 

Final design for submission to building authority 
for planning permission (determination of super-
structure, building materials, constructions), energy 
certificate following the EPBD. 

Architect Sketch 

4. Detailed de-
sign phase / 
Implementation 
planning  

Final selection of superstructure, building materials, 
constructions, systems for building services as the 
base for tendering for the construction work. In this 
design phase the exact definition of all components 
of the building and the HVAC system are ad-
dressed.  

Architect 
Consult-
ants 
Developer 

Tendering 
documents 
Environmental 
plan 

5. Construction 
phase 

Now the construction work according to the im-
plementation plan is carried out. This should in-
clude clear quality assurance measures for monitor-
ing energy and ecological performance.  

Contractor 
Developer 

 

 
To illustrate environmental management in building design an example is taken from Swe-

den. Here a kind of practice for environmental management in the design phase has been 
evolved based on publications by the Swedish Eco-cycle Council and ISO 14001. Since it is 
voluntary it is applied a bit differently by different users and companies. The main ingredients 
are: 

1. The client states the general and detailed preliminary targets 
2. The designer analyses the consequences and an environmental program is settled 
3. An environmental plan to implement the program is developed 
4. The environmental program is interpreted in drawings and documents and an envi-

ronmental declaration is erected 
5. Targets and preconditions are transferred to the building owner. 

5 LCA IN DIFFERENT DESIGN PHASES 

5.1 Conceptual design  
Here the functional, energy and environmental demands are stated. Costs are roughly estimated.  

Targets for the building may be formulated as: 
1. Heat loss parameter < W/m2,K 
2. Solar heat load factor < W/m2 or solar aperture in m2 eq. South glazing / m2 heated 

area. 
3. Energy/primary energy < kWh/m2,yr 
4. Emissions CO2 emissions < x g/m2, yr 
5. Fraction of renewables > y % 

A possible goal at this phase is to investigate if a passive or low energy alternative is a feasi-
ble option and what it means with reference to environmental impact. 

5.2 Submission planning – Building components 
In this phase detailed LCA and LCC calculations are possible to perform in order to make final 
decisions about building materials and HVAC systems. The final results can also be used as en-
vironmental declarations directed towards tenants and local authorities.  
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When using LCA and LCC for choice of individual building materials as roof and facade sur-
faces, flooring etc these materials contribution in relation to the buildings overall impact has to 
be kept in mind. Putting too much effort into comparing options that means less than say 5% of 
the total environmental impact of a building throughout its life time is worthwhile. To get a 
sense of the environmental significance of different building elements a simplified LCA may 
make sense as a first step.  

6 POSSIBLE LCA PROCEDURE FOR A BUILDING 

The procedure may follow the steps below (suggested by the European project Enslic, 2009): 
 

1. State the purpose of the study  
(project development, impact comparison, classification, etc) 

2. Choose assessment tool 
(Basic, building, advanced)Describe the building 
(Name, type, size, location etc ) 

3. State the system boundaries for the assessment 
(Reference time, building stage, assessed features, data requirements etc) 

4. State scenarios for the reference time 
(steady state, regular retrofit, cost development etc) 

5. Define targets, references, benchmarks etc 
(impact, depletion, energy use, … Country or EU average, target, 

6. Describe the object/building 
(Name, type, size, location etc ) 

7. Collect data 
a) Environmental data that is not in the tool  (emissions per Joule, emissions per 
kg etc) 

b) Building data, for example material amounts, energy use, energy source, recy-
cled materials, etc 

8. Perform assessment 
(trial and error if targets should be reached 

9. Present results 
(graphs, tables, analysis, eventually desired improvements etc) 

10. Validate  
(check results relative to purpose, check calculations, fulfillment of require-
ments etc.) 

 
These guidelines and the templates address performing LCA of a building. However, the 

principles are possible to use also for assessment of other objects, such as building components, 
infra structure elements etc. Each step is commented below. 

7 EXAMPLE 

One simplified example is described of how the step-by-step procedure above can be followed.  

7.1 The purpose 
To design a simple single family house of 120 m2 with half the energy use required by the regu-
lations and low CO2 emissions from a life cycle perspective 
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7.2 The building 
The building’s interior size is 6 by 10 m. The location is Stockholm. The house should host 4 
residents. The indoor temperature in winter should be 22oC. The building should fulfil require-
ments in the Swedish building code. 

7.3 Targets and references values 
The maximum allowed energy use, household electricity excluded, in this area is 110 
kWh/m2,yr. The CO2 target is set to less than 10 kg equivalents/m2,yr. 

7.4 Assessment boundaries 
The building reference time is set to 40 years. The operation stage is considered regarding en-
ergy use and the production phase is considered regarding production of building materials. Ge-
neric data are captured from IVL (Swedish Environmental Research Institute) and self declared 
building product declaration (less rigorous than EPDs). 

7.5 Time scenario 
A steady state during the reference time is anticipated. Normal maintenance is supposed but not 
accounted for in the assessment. Costs are not considered. 

7.6 Choice of tool 
A basic Excel-tool will be used. 

7.7 Perform LCA 
The actions taken to reduce energy use and CO2 emissions are gathered in Table 5. 

 
Table 5. Actions taken step by step to reach the target for energy and CO2 emissions for a new single 
family house initially designed fulfil code requirements. Targets: Energy 55 kWh/m2,yr: 8 kg equiv 
CO2/m2,yr. 

Actions to decrease energy use 

and CO2 emissions Basement Roof Slabs
Exterior 
walls

Win‐
dows

Ext. 
doors

Int. 
walls

Glass 
area/
Floor 
area

Ext. door 
area
/Floor 
area

Vent. 
heat 
recover
y

Hot 
water  
by solar

kWh/m2,
yr

Kg equiv 

CO2/m
2,y

r

Original building

EPS 100
Concrete 
100
Wood

Concrete 100
Steel sheet 
Min wooll 150
Gysum

Concrete 
100
Wood

Brick
EPS 50
Min wool 
150
Gypsum

3 layer
U=1,5

Wood
U=2,5

Wood 
100

21% 5% 0% 0% 107 23

Increase insulation + EPS 100 +Min wool 300
+Min wool 
150 9,9 1,5

21% 86 18,2

Decrease window size 13% 83 17,7
Recover ventilation heat 85% 68 14,6
Install solar collectors 50% 55 10,6
Change brick to timber 55 9,7
Ch concr. slabs to timber 55 9,2
Ch to CO2 free prop. Electr 8,7
Wood stove for 20% sp heat 7,7  
 

It is sensible to start the reduction process with energy and the building envelop, followed by 
heat recovery and at last change to an energy source associated with low environmental impacts.  

7.8 Present result 
The basic Excel tool presents the main results as in Table 6. 
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Table 6. Summary of specific yearly energy use and CO2 emissions for the single family house (120 m2). 
    

Assumed building life time 50    

ENERGY FOR OPERATION  kWh/m2,yr 
% 

kg equiv CO2/m2,yr 
% 

User Electricity 30 35% 1,0 12% 
Building Electricity 15 18% 0,0 0% 
Space cooling 0 0% 0,0 0% 
Total electricity 45 53% 1,0 12% 
Total electricity without user electricity 15 18% 0,0 0% 

Space heating 25 29% 4,2 49% 
Ventilation 3 3% 0,5 6% 
Hot water 13 15% 1,3 15% 
Total heating 40 47% 6,1 70% 

Total energy use 85 100% 7,1 82% 
Total energy use without user electricity 55 65% 6,1 70% 
  

 MATERIALS 
kg/m2 % kg equiv CO2/m2,yr % 

Exterior walls including windows and doors 56 22% 0,6 7% 
Attic 18 7% 0,2 2% 
Basement 157 61% 0,5 6% 
Slabs 15 6% 0,1 2% 
Internal walls 12 5% 0,1 2% 

Total material use  258 100% 1,6 18% 
     
Total yearly impact     8,7 100% 
Total yearly impact without user electricity   7,7 88% 

 
There are naturally many ways to present life cycle calculations. In focus should be what the 

client is specifically interested in presented in a condensed and clear way. To the brief result 
should be added a report where more details are shown. 

7.9 Validation 
Preferably the result should be accompanied by a sensitivity analysis where man parameters are 
varied to show the robustness of the conclusions. This is not done in this example where the 
purpose is mainly to show the procedure. 
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APPENDIX 1 

Sustainability indicators – definitions and examples 
According to EEA (European Environment Agency) Glossary 
(http://glossary.eea.eu.int/EEAGlossary) an indicator is: 
 
A parameter or a value derived from parameters that describe the state of the environment and 
its impact on human beings, ecosystems and materials, the pressures on the environment, the 
driving forces and the responses steering that system. 
 
Indicators = quantitative, qualitative or descriptive measures that when periodically evaluated 
and monitored show the direction of change (ISO 14050 Environmental management – vocabu-
lary. Annex A.5) 
 
Environmental condition indicator (ECI) = specific expression that provides information about 
the local, regional, national or global condition of the environment (ISO 14031 Environmental 
management – Environmental performance evaluation – Guidelines) 
 
Environmental performance indicator (EPI) = Specific expression that provides information 
about an organisation’s environmental performance (ISO 14031 Environmental management – 
Environmental performance evaluation – Guidelines) 
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EEA (European Environment Agency) Core Set Of Indicators 
 

 
Source: EEA core set of indicators Guide (EEA Technical report No 1/2005 — ISSN 1725-2237) 
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ENERGY INDICATORS FOR SUSTAINABLE DEVELOPMENT: 
 

 
Source : Energy indicators for sustainable development: guidelines and methodologies 
international atomic energy agency, united nations department of economic and social affairs 
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Source : Energy indicators for sustainable development: guidelines and methodologies 
international atomic energy agency, united nations department of economic and social affairs 
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Source : Energy indicators for sustainable development: guidelines and methodologies 
international atomic energy agency, united nations department of economic and social affairs 
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APPENDIX 2 

Selecting and classifying environmental indicators 
 
Selection 
The analytical framework used for an assessment helps to determine the choice of indicators for 
different purposes. OECD has designed such a framework expressed in terms of relations be-
tween human activities and the environment, Driving forces - Pressures - State - Impact – Re-
sponses (The DPSIR model).  

 
The DPSIR framework for reporting on environmental issues 
 
As indicators are used for various purposes, it is necessary to define general criteria for selecting 
indicators. With the help of this framework we can say that an environmental indicator should: 

o provide a representative picture of environmental conditions, pressures on the environ-
ment or society’s responses; 

o be simple, easy to interpret and able to show trends over time; 
o be responsive to changes in the environment and related human activities; 
o provide a basis for international comparisons; 
o be either national in scope or applicable to regional environmental issues of national 

significance; 
o have a threshold or reference value against which to compare it, so that users can assess 

the significance of the values associated with it. 
o be theoretically well founded in technical and scientific terms; 
o be based on international standards and international consensus about its validity; 
o lend itself to being linked to economic models, forecasting and information systems. 

 
The data required to support the indicator should be: 

o readily available or made available at a reasonable cost/benefit ratio; 
o adequately documented and of known quality; 
o updated at regular intervals in accordance with reliable procedures. 
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Source OECD framework for environmental indicators 

 
 

Classification  
According to EEA (European Environment Agency ) indicators can be classified into four sim-
ple groups (Gabrielsen and Bosch) 

1.  Descriptive Indicators  
Describe the actual situation with regard to main environmental issues, such as climate 
change, acidification, toxic contamination and wastes in relation to the geographical 
levels 
 

2. Performance Indicators 
Compare actual conditions with a specific set of reference condition. Measure the dis-
tance between the current environmental situation and the desired situation.  
 

3. Efficiency Indicators 
Some indicators express the relation between separate elements of the casual chain. 
Most relevant for policy –making are the indicators that relate environmental pressures 
to human activities. These indicators provide insight in the efficiency of products and 
processes.  
 

4. Total welfare indicators 
Some measure of total sustainability is needed for this topic. Such as Index of Sustain-
able Economic Welfare (ISEW ) 
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Example of a performance indicator: EU greenhouse gas emissions3 

 
Gabrielsen P and Bosch P. Environmental Indicators, Typology and Overview; 
http://eea.eionet.europa.eu/Public/irc/eionet‐
circle/core_set/library?l=/management_documentation/indicator_typology/_EN_1.0_&a=d 
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1 CASE STUDY 
1.1 Introduction 
Many studies on sustainability in general and of that of building and construction in particular 
have focussed thus far on analysing impacts, and where possible quantifying these impacts. 
LCA-methods can thus come up with aggregated impacts, for example expressed in equivalent 
impacts on global warming potential (kg CO2) or for example terrestrial eco-toxicity (kg 1,4 di-
chlorobenzene). The methods try to calculate these impacts as precise as possible. Processes as-
sociated with kg materials have been analysed, and for example with the use of Tools like Sima-
Pro have produced these impact equivalents. To improve on the sustainability In building con-
struction however it will be very important to compare alternative design solutions.  

 A building is a complicated system with many sub-systems and built up out many different 
materials. Alternative designs may have different material configurations that each may have 
different service lives. For reasons of comparison it would be good to calculate an impact per 
year of use. However, it is most likely to be very inaccurate to simply assume a service life of, 
let’s say, 50 years, or perhaps 75 or 100 years. Also it becomes difficult to compare building de-
signs with relatively short service lives, with designs that may have longer service lives. It be-
comes even more complicated when we take into account that the building will be a combina-
tion of many different service lives. Because we cannot predict the future we can perhaps 
assume average expected service lives of subsystems with a certain distribution. What the influ-
ence will be of these assumed service lives and their distribution, combined with their specific 
environmental impact on the environmental impact of building as a whole, is the subject to be 
investigated in this case study “virtual office”.  For this reason the virtual building will be di-
vided in elementary sub-systems (“building layers”) for which basic alternatives, perhaps with 
different service lives can be used. The main focus is to study the influence of the materials im-
pact due to the construction and demolition of the building and the intermediate replacements of 
building elements.  

Case Study Virtual Office building
 
R.Blok 
TU/e University of Technology Eindhoven, Netherlands 

Participants in the case study are 
Yesim Aktuglu 
Mujde Altin 
Dimitrios Bikas 
Miroslaw Broniewicz 
Christina Giarma 
Peer Haller 
Ozgul Yilmaz 
Ilker Kahraman 
Guri Krigsvoll 
Karolos Kontoleon 
Mine Tanac Kiray 

 

ABSTRACT: This paper gives a short overview on the case study approach “Virtual Office”. A 
description is given for the main goals of the case study. The theoretical background of the basic 
ideas and the used approach is presented. The “Virtual Office Building” design is described, and 
some preliminary and expected results will be discussed.   
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1.2 Main goals 
The main goals of the case study are: 
 

– Investigating the influences of different service lives of building elements or 
building layers on the sustainability of a building as a whole. 

– Investigating the influence of different material choices in relation to the ser-
vice lives on the sustainability of the building as a whole 

– Investigate the possibilities to minimise impacts  

2 SOME THEORY 
2.1 Environmental impact per year of use 
When the impact of a building over its entire service life is assumed as the sum of one or more 
building elements, each with different service lives, for example including the impact of chang-
ing the infill walls at smaller the Annual environmental impact depending on the service life of 
a building might look like fig 1.  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 proc-
esses related to the operation of the building.    
 

((Mi + Di)+ Oi) / (L) < R (1) 
 
where, Mi = Initial impact of the building related to the materials and energy used in the con-
struction of the building; Di = Impact related to the demolition of the building; Oi = Operational 
impact over the whole service life of the building including energy and maintenance; L = Ser-
vice Life of the building according to a Life scenario; R = allowable maximum or target maxi-
mum of the annual environmental impact . 

Here (Mi + Di)/L is shown as the sum of two building layers with different service lives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure. 1 Annual environmental impact versus service life of a building with the influence of a recurring 
building element with a shorter service life. 
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2.2 Minimum impacts, Cradle to cradle  
In the view of Braungart and McDonough (Braungart and McDonough, 2002) figure 2 is not 
strictly a “cradle to cradle”  (C2C) solution. In their view, materials and energy should all be re-
cyclable, either serve as food or be fully recyclable. Others speak of Zero-impacts. Can products 
become fully C2C? For the moment these kind of solutions probably will remain an utopia be-
cause in whatever product we take there will always be some influence of a negative environ-
mental impact, either small and far away. For example the influence of the truck that transported 
parts of the otherwise fully C2C product is a (however small) negative effect. In the near future 
there will always be some parts incorporated in a c2c building, that could not yet make use of 
C2C materials.  
 Figure 2 shows the impact of a C2C building where the building has a negative impact but 
also a positive effect, for example by generating more energy than it uses (for example by 
photovoltaic cells). This positive environmental effect can make up for the unavoidable negative 
influence there still is. The figure shows (again) the importance of the service life of the build-
ing. Only after the break-even point of the service life is reached, the building starts to generate 
a positive environmental influence and starts to become “C2C”, generating more positive effect 
than the initials negative impact costs. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Total annual environmental building impact with positive “C2C”-effect 
 
 Because more and more the aim will be to realise zero energy buildings, the initial materials 

will become more and more important. Their relative contribution to the whole of the impact 
will become bigger and bigger. The influence of the service life over which we depreciate these 
impacts, therefore will also increase.     

Because not the exact sustainability of an existing building is at stake , but rather to investi-
gate the trends and influences as a result of different material choices as well as different service 
lives of subsystems, the first approach is to simplify the project where possible. Also the energy 
and water consumption during operation (in most cases essential and responsible for a very 
large contribution of the impact of a building as a whole), is not studied in great detail. In 
achieving a better sustainability in the future it is assumed that zer0-energy concepts for build-
ings will become more and more within reach. This will mean that the relative contribution of 
the initial materials will become more and more important. 
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3 THE CASE STUDY 

3.1 Building Model for the case study 
Different ways of classification and different building models 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 

For the case study a very simple model of a virtual office building is used. However impor-
tant a degree of flexibility and adaptability in the real life of a building will be,  it will be disre-
garded in the Virtual Office building model. It will be assumed that the different service lives of 
the building layers can actually be achieved. Whether or when flexibility is actual influential on 
the materials impact of a building could be an outcome of this case study. 

For the relative influence of the energy consumption during operation of the building some 
different levels were therefore assumed: ranging form a higher negative impact to even a posi-
tive impacts (energy producing building) are assumed. 

 
Table 1. Subdivision of the building en layers and elements 

Building system Building elements Materials/ Alternatives 
Structure Columns 

Beams 
Floors (including Roof) 
 

Steel structure 
Concrete structure 
(Timber structure) 

Facade system Glazing 
Window frames 
Closed window area’s 
Thermal Insulation material  

Aluminium curtain wall-
systems 

(Precast concrete /Brick at 
later stage) 

Thickness 50-150 mm, alter-
native materials 

Roofing Waterproofing 
Thermal Insulation 
Moisture barrier 

 

(Foundation)  Pile versus/ strip 
Infill /partitioning Light weight partition systems Light weight steel + plaster-

board 
Industrial systems based on 

manufacturers information 
Open office spaces versus 

closed offices 
Services Material impact to be disregarded 

at this stage 
 

Access Material impact to be disregarded 
at this stage 
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3.2 Building dimensions 
In order to compare the calculation results some standard building dimensions where agreed 
upon. It will be possible top vary the dimensions by means of a spreadsheet and compare 
changes in results.  Table 2 shows some overall dimensions. 
 
Table 2. Virtual Office Building Dimensions  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The total gross floor area will be 2400 m2 . The assumed transport distances of materials to 

buildings site is 100 km, and for the energy mix the European mix will be used.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Impression of Virtual Office Building as the sum of the Layers Structure, Façade, Services and 
Space Plan.  

3.3 General approach 
Different contributors from different countries will make simple designs of the subsystems ac-
cording to the general design rules applicable in their countries, and than will calculate the 
amounts of material needed for these subsystems. From there the impacts will be calculated.  

 

Length  40 m 

Width  15 m 
Floor to floor height 3,5 m 
Number of Floors 4  
Number of persons working 80  
Window openings 25 % of floor area 
Service life building 60 year 
     
ground floor area 600 m2 
Roof 
area 

 600 m2 

Foundation area 600 m2 
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3.4 Material data information 
To limit the complexity of the work, to simplify the case study and to achieve some preliminary 
results as soon as possible, it is proposed to use as simple data as possible obtained from exist-
ing databases and/or data form material producers if possible from local producers. It is shown 
however that data need to be used with great caution because big differences, depending on the 
type of material and the kind of  producers can occur.  

For the Dutch situation with regard to steel and concrete already some data was obtained 
from LCA calculation performed by the Industry. 

For structural steel, produced in Europe, used in the Dutch market the following figures can 
be found (table 3). The figures are based on Dutch product information on steel (MRPI). The 
data is obtained by LCA calculations. 

Some figures for hot rolled heavy duty steel (columns, beams etc.) as well as cold rolled light 
steel are given here (the report also gives figures for middle weight steel and steel cladding 
products for roof and facades):  

 
Table 3. Impacts of Construction Steel in Building Construction (Adapted, MRPI Intron ) 

   heavy 
Steel 

 light weight steel 

   (columns beams etc.) (partition walls) 
Humane toxicity kg 1.4 DB 2,9E+01  8,5E+01 
Abiotic depletion kg SB 2,8E+00  6,9E+00 
Ecotoxicity water kg 1.4 DB 5,7E+00  1,6E+01 
 sediment kg 1.4 DB 9,2E+00  2,7E+01 
 terrestrial kg 1.4 DB 1,7E-01  1,7E-01 
Acidification kg SO2 3,0E+00  3,0E+00 
Eutrophication kg PO4 4,2E-01  4,2E-01 
Global warming pot. kg CO2 4,8E+02  4,8E+02 
Ozone depletion kg CFK11 1,1E-04  1,1E-04 
      
Energy  MJ 7,30E+03  1,70E+04 
 
For concrete the following data is obtained regarding different concrete mixes for different 

types of mortars for the Dutch situation: 
  

Table 4. Impacts of Concrete mortars in Building construction (Adapted, Lanser e.o.) 
    concrete mortar production with 99% recycling   
 Carbon dioxide Sulphur Dioxide Energy  
 (kg CO2)  (kg SO2) (MJ)  
 C20/25  C20/25 C20/25  
    C28/35 C28/35 C28/35 
Production 1,40E+02  4,10E-01 1,00E+03  
  1,70E+02 4,90E-01 1,20E+03 
Transport 3,40E+00  2,50E-02 1,00E+02  
  3,40E+00 2,50E-02 1,00E+02 
Recycling 1,40E+01  8,50E-02 2,00E+02  
  1,40E+01 8,50E-02 2,00E+02 
Total  1,57E+02 1,87E+02 5,20E-01 6,00E-01 1,30E+03 1,50E+03 
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For concrete however the amount of CO2 involved with the production of concrete mortar is 
very much depending on the type of cement ( and the amount of clinker in the used cement). It 
can vary from about 400 kg/ ton to about 100 kg/ton cement . For Europe the average is 760 kg 
CO2/ ton cement (Cembureau, 2007). Also the amount of steel reinforcement together with the 
additives and the formwork and  transport is influential (Lanser, 2008). 

 
Table 5: CO2 and energy data for average C20/ 25 concrete Netherlands: 

 
3.5 Preliminary results 
To make a start with the investigation and compare the relative influence of the service lives and 
relative materials impact a number of different combinations where studied. The relative materi-
als impact as well as the service lives have been chosen more or less randomly but in such a way 
so that a general overview of the relative influences can be obtained Here only two combina-
tions are shown. Fig.  4 shows results for a Service life of the building taken as equal to the 
Structural service life of 80 years. (After 80 years the building is demolished and a new building 
is built). The service Life of the building Envelope, the Services and the Space Plan in this case 
was respectively taken as 40, 25 and 10 years. The initial materials impact of the structure as 
50%, the relative materials impact of the Envelope, the Services and the Space Plan was respec-
tively taken as 25%, 5% and 20 % 

Figure. 4 Relative Environmental Annual impact of Virtual office Building against length of Service Life 
as the sum of materials impact and energy use 

 
By varying the service lives of the building layers, their relative materials impacts and vary-

ing the energy consumption and energy production, already some, sometimes obvious conclu-
sions can be drawn: Just like with financial investments, also the initial ecological, or environ-
mental investments due to replacements of building elements and building systems can be very 
influential on the total impact, if these investment cannot be depreciated over a number of years.  
For building layers that can be depreciated over a longer service life, the influences of the mate-
rials impacts obviously become less important in comparisons with the materials impact of lay-
ers with a short service life. For example the use of low impact materials for the space plan (the 
partition walls and ceilings etc.) will be very beneficial for the total impact because of their 
short service lives.  It could be very much worthwhile to design partition wall systems with low 
impacts.  
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Figure 5 shows results for another set of input data. The Service lives of Structure, Envelope, 
services and space plan was here taken as 80, 40, 25 and 10 years respectively, and the relative 
materials impacts as 50, 35, 5, and  10 % respectively. Perhaps not very realistic, the positive 
energy production was taken as 125% of the energy consumption!  

Figure. 5 Relative Environmental Annual impact of Virtual office Building against length of Service Life 
as the sum of materials impact and energy use with positive energy production of 125% of the energy 
production.  

 
For this case we can see that the total negative impact per year of use, only after about 40 

years turns into a positive effect. Due however to the then needed reinvestment in the building 
envelope the impact becomes negative again. This simple example shows that so-called zero-
impact building will be very hard if not impossible to achieve.   

 
3.6 Units. 
For now the examples have shown only relative impacts or relative points. The Total Amount of 
materials impact was taken as 100% equal to 1000 Points. The energy use per year shown 
equals to 200 point/ year. The net positive energy production, taken as 125 % of the energy use 
thus equals 250 points. In the future results different impact categories to be considered are: 
Humane toxicity/ Health, Abiotic Depletion, Terrestrial as well as Water Ecotoxicity, Acidifica-
tion, Eutrophication, Ozone depletion and  global warming potential. The case study will start 
the comparison with the easiest impact categories using easy comparable units, for example kg 
Co2 and energy (MJ). 

3.7 Further actions 
Although the general framework and set up of the case study is in place, most of the work still 
remains to be done. Below the main actions are listed 
 

Case study actions: 
– Design and dimensioning of the different building layers out of different mate-

rials.  
– Calculation of the involved materials used.  
– Collecting material impact data (depending on local situations). 

(It is proposed that a start will be made with the collection of the kg CO2 
global warming potential and the amounts of energy, as these data are rea-
sonably well obtainable and easy comparable.)  

– Calculating the impacts. 
– Varying the service lives and materials of the different solutions 
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– Comparing the influence of these variations on the impact of the building as a 
whole 

– Conclusions and discussions 
– Report 

Further possible research: Include probabilistic data, average and distributions  on service 
lives of building elements and see what the influence will be on the probability parameters of 
the environmental impact of the building as a whole. 
 
3.8 Conclusion, discussion 
It is still too soon to derive any conclusions. Primarily it is hoped that the set up for this case 
study “Virtual Office Building” and the way this case study is approached will generate an in-
creased  awareness of the complexity but also the importance of  introducing different service 
lives of building layers, elements and components in the environmental impact or even the sus-
tainability assessment of a building as a whole. The introduction of a real integrated life cycle 
approach is the core of the action and therefore still needs full attention. 
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1 INTRODUCTION 

Currently, there is not a standardized methodology providing guidance to a life cycle analysis of 
a product system integrating environmental, economic and social aspects. The life cycle evalua-
tion of the three criteria individually is not at the same level. Clearly, the life cycle environmen-
tal analysis has currently the most well established standardized framework, although there’s 
not a generalized acceptable methodology in the scientific community. In a decreasing order of 
development there’s the life cycle economic analysis and the life cycle social analysis. For this 
reason, in the framework used for the case study, it was decided to adopt and extend the stan-
dardized framework for Life Cycle Environmental Analysis (LCEA), according to the series of 
ISO standards 14040 (2006), to the Life Cycle Cost Analysis (LCCA) and to the Life Cycle So-
cial Analysis (LCSA). 

Therefore, the framework, represented in Figure 1, entails the four main steps of the ISO 
standard 14040, the goal and scope step; the inventory step; the impact step; and the interpreta-
tion step. Naturally, each step of the analysis has to be adopted in order to integrate the econom-
ic and social aspects in the life cycle analysis.  

A life cycle analysis implies a time span associated with the analysis. In the case of a con-
struction system, the life span may comprehend decades of even a century. In order to make a 
life cycle analysis operational many assumptions and scenarios and needed. This and other rea-
sons regarding the current development of the methodologies, introduce a high level of varia-
bility and uncertainty in the analysis. Thus, the analysis of these uncertainties, its propagation 
over the analysis and its influence in the results should also be addressed in the methodology.  

Life Cycle Analysis of Bridges – A Case-Study  

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

 

ABSTRACT: In the near future the design of bridges and other infrastructures will require more 
than complying with safety requirements according to structural standards and economic con-
straints. The multidimensional perspective of sustainability requires the combination of current 
criteria with other important aspects such as society and environment, considering a life cycle 
approach. The environmental criterion is currently assessed by means of a Life Cycle Assess-
ment (LCA), which quantifies all environmental burdens from all stages over the bridge life 
cycle, from raw material production to the end-of-life stage. Economic and social criteria can al-
so be included in the life cycle framework considered for environmental analysis, according to 
ISO standards 14040 (2006) and 14044 (2006). The case study presented in this paper takes a 
life cycle approach integrating environmental, economic and social criteria, for the evaluation of 
a motorway bridge. Three different alternatives are compared and ranked according to a multi-
criteria decision approach.  
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Figure 1. General framework for integral life cycle analysis 
 

This life cycle approach is applied to a case study: the evaluation of a motorway bridge. 
Three different alternatives are evaluated independently and compared in the end. The descrip-
tion of the three alternative solutions is provided in the following paragraphs.  

2 BRIEF DESCRIPTION OF THE CASE STUDIES 

2.1 Composite bridge 
The composite bridge was built over the dual carriageway motorway A1 – Auto Estrada do 
Norte, in Portugal. Each carriageway has a wide of 16.30 m and it comprehends a main running 
surface with 11.25 m, a hard shoulder along the inner lane with a width of 4.05 m and a hard 
shoulder along the outer lane with 1.00 m. Each carriageway has a capacity for 3 lanes of traffic 
with a width of 3.75 m. In this case, the central reservation is 4.00 m wide. The structure is 
composite steel-concrete with three spans of 18.50 m, 40.80 m and 18.50 m, and it is 
represented in Figure 2. The deck is fully restrained against displacements over the middle piers 
and simply supported in the abutments. 

The cross-section of the bridge is made of two steel girders with a total height of 2.40 m, web 
thickness varying between 15 mm and 16 mm, flange width between 400 mm and 750 mm, and 
flange thickness between 30 mm and 40 mm. The girders are braced every 5.4 m in the main 
span, and every 5.8 m in the side spans by HEA220 profiles, both at the upper and bottom 
flange levels. At the supports the girders are equally braced by HEB220 profiles. Shear connec-
tors are welded to the top flange of the girders. On top of the girders a precast concrete slab is 
placed with a thickness of 0.40 m on top of the girders and 0.20 m at the top of the cantilevers 
and in the middle width span. The shear connectors are projected through small holes in the 
slabs that are later filled with concrete. The cross-section of the deck comprehends two lanes of 
traffic, one in each direction, 3.00 m wide, two hard shoulders with 1.00 m and two side-walks 
for pedestrians with a width of 2.00 m. The total area of the deck is 936.71 m2. 
 

364



 
Figure 2. Plant and elevation of composite bridge 
 

2.2 Precast concrete bridge 
The precast concrete bridge was built over the dual carriageway motorway A17 – Auto Estrada 
Marinha Grande/Mira, Portugal. Each carriageway has a wide of 14.25 m and it comprehends a 
main running surface with 10.50 m, a hard shoulder along the inner lane with a width of 3.00 m 
and a hard shoulder along the outer lane with 0.75 m. Thus, each carriageway has a capacity for 
3 lanes of traffic with a width of 3.50 m. The central reservation is 6.00 m wide. The bridge has 
two spans of 28.78 m and 30.76 m and a wide of 7.14 m. The total area of the deck is 425.12 
m2. The elevation view is represented in Figure 3. The deck is fully supported over the middle 
pier and has integral abutments. 

The middle pier has a rectangular cross-section with a height of 0.80 m and 1.70 m width. To 
obtain the monolithic connection over the middle pier, the top of the pier and the segment of 
slab over the pier are cast in a later stage. The continuity is enable by the reinforced steel and 
pre-stressed steel (cables and bars) introduced overt the pier. The connection over the abutments 
is obtained by a similar procedure. Integral abutments avoid the need of expansion joints and 
bearings. 

The cross-section of the deck is made of one longitudinal precast concrete girder with a “U” 
shape, 1.80 m of height, and a cast “in situ” concrete slab with variable thickness from 30 cm to 
16 cm. The concrete slab is cast on top of precast concrete forms that act as composite with the 
concrete slab. This cross-section encompasses two lanes of traffic, one in each direction, 2.00 m 
wide, two hard shoulders with 0.50 m and two side-walks for pedestrians with a width of 0.75 
m. 

 
Figure 3. Plant and elevation of precast concrete bridge 
 
2.3 Cast “in situ” concrete bridge 
The cast “in situ” concrete bridge was built over the dual carriageway motorway A1 – Auto Es-
trada do Norte, Portugal. Each carriageway has a wide of 15.25 m and it comprehends a main 
running surface with 11.25 m, a hard shoulder along the inner lane with a width of 3.00 m and a 
hard shoulder along the outer lane with 1.00 m. Each carriageway has a capacity for 3 lanes of 
traffic with a width of 3.75 m. In this case, the central reservation is 4.10 m wide.  

The bridge has three spans of 19.00 m, 44.20 m and 19.00 m, and it is represented in Figure 
4. The deck is fully supported over the middle piers and simply supported in the abutments.  
The deck is made of three longitudinal concrete girders, 1.70 m of height, and a concrete slab 
with variable thickness from 25 cm to 15 cm. The concrete girders and the concrete slab are cast 
“in situ”. These girders are pre-stressed. In the middle span there are hollow cross-sections in 
order to reduce the self-weight of the structure.  
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The cross-section of the deck comprehends two lanes of traffic, one in each direction, 3.50 m 
wide, two hard shoulders with 2.50 m and two side-walks for pedestrians with a width of 1.50 
m. The total area of the deck is 1298.76 m2. 
 

 
Figure 4. Plant and elevation of cast “in-situ” concrete bridge 
 
2.4 End-of-life scenarios 
For the end-of-life of each alternative, different scenarios are considered according to Table 1. 
The end-of-life scenarios are based on the final destination of the two main materials: steel and 
concrete. 
 
Table 1. End-of-life scenarios for each alternative 
 Alternative Scenario 
Composite bridge CoA The steel structure is recycled (recycling rate of 90%) with an 

efficiency of 0.952 (assuming a “close-loop” methodology) 
and the remaining construction waste is sent to a landfill of 
inert materials. 

 CoB The steel structure is reused (90% of the structure) with an ef-
ficiency of 0.952 (assuming a “close-loop” methodology) and 
the remaining construction waste is sent to a landfill of inert 
materials. 

 CoC The steel structure is recycled (recycling rate of 90%) with an 
efficiency of 0.952 (assuming a “close-loop” methodology) 
and the concrete structure is recycled (recycling rate of 80%) 
(assuming a “close-loop” methodology). 

 CoD The steel structure is recycled (recycling rate of 90%) with an 
efficiency of 0.952 (assuming a “close-loop” methodology) 
and the concrete structure is recycled (recycling rate of 80%) 
(assuming a “open-loop” methodology). 

Precast concrete bridge InA The concrete structure is demolished and the construction 
waste is sent to a landfill of inert materials. 

 InC The concrete structure is recycled (recycling rate of 80%) (as-
suming a “close-loop” methodology). 

 InD The concrete structure is recycled (recycling rate of 80%) (as-
suming a “open-loop” methodology). 

Cast “in situ” bridge SiA The concrete structure is demolished and the construction 
waste is sent to a landfill of inert materials. 

 SiC The concrete structure is recycled (recycling rate of 80%) (as-
suming a “close-loop” methodology). 

 SiD The concrete structure is recycled (recycling rate of 80%) (as-
suming a “open-loop” methodology). 
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3 COMMON STAGES OF LIFE CYCLE ANALYSIS 

3.1 Goal and scope of the analysis 
The goal of this case study is to evaluate the environmental, economic and social performances 
of a highway bridge, taking into account a life cycle approach. Three different alternatives are 
selected in order to evaluate the most efficient structural system, in view of the above criteria. 

The functional equivalent (unit of comparison) adopted in this case study, is a bridge in-
cluded in a normal road, designed for a service life of 100 years, with the aim of over-crossing a 
highway with 3 lanes of traffic in each direction. Further, the functional equivalent is norma-
lized by the area of the bridge’s deck. 

The life cycle analysis covers all stages from raw material acquisition to deposition of demo-
lition waste, through construction and operation of the bridge, and the transportation of mate-
rials and equipment between stages, as illustrated in Figure 5. 
 

 
Figure 5. System boundary of the integral life cycle analysis 
 
3.2 Life cycle inventory analysis 
Environmental data for construction materials, apart from steel and concrete, were obtained 
from Ecoinvent (2007) database. Data for the production of steel was obtained from the IISI da-
tabase (IISI; 2002), and data for concrete production from Portland Cement Association (Mar-
ceau et al., 2007).  

Data for economic and social criteria were obtained from the project and/or available litera-
ture.  

4 LIFE CYCLE ENVIRONMENTAL ANALYSIS (LCEA) 

The LCEA was performed according to the CML methodology by running Simapro (2008). 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), acidifica-
tion (kg SO2 eq.) and eutrophication (kg PO4

- eq.). Another category was selected, waste, which 
is quantified directly from the collection of data. The results obtained for the life cycle analysis 
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of the composite bridge, the precast bridge and the “in situ” bridge are represented in the graphs 
of Figures 6 to 8, respectively. 
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Figure 6. Environmental life cycle analysis of the composite bridge, for different end-of-life scenarios 
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Figure 7. Environmental life cycle analysis of the precast bridge, for different end-of-life scenarios 
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Figure 8. Environmental life cycle analysis of the cast “in situ” bridge, for different end-of-life scenarios 

5 LIFE CYCLE COST ANALYSIS 

Life cycle cost analysis entails the initial construction costs and the costs due to maintenance 
and rehabilitation of the bridge, over the time period of 100 years. 

The initial costs, which include material production and construction, are assumed to take 
place in the base-year of the study, in 2008. All the other costs, related to maintenance and re-
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habilitation happen at different time stages over the operation phase of the bridge. All project-
related costs, occurring at the different stages over the life-time of the bridge, are discounted to 
their present value, as of the base-year, before being combined into the LCC estimate of each al-
ternative. Eq. (1) is used to convert future costs to present value (in Euros) and sum them into a 
single life-cycle cost member. 

∑
= +

=
T

t td
tC

LCC
0 1 )(

 
(1) 

In this study a discount rate of 3.80% was considered. The results, without normalization, are 
represented in Figure 9 for the three alternatives.  
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Figure 9. Life cycle cost analysis (the results are not normalized by the area of the deck) 

6 LIFE CYCLE SOCIAL ANALYSIS 

In the life cycle social analysis, the following criteria are taken into account (i) the costs to driv-
ers; (ii) the vehicle operating costs; (iii) accident costs. These costs are due to construction ac-
tivities in the bridge over its life cycle. All costs are discounted to their present value using Eq. 
(1). The total cost, per alternative, is represented in Figure 10. 
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Figure 10. Life cycle social analysis (in €/m2) 

7 WEIGHTING OF INDICATORS 

The weighting procedure used for this case study is based on the Analytical Hierarchy Process 
(AHP) (Saaty, 1980). This method is a compensatory decision methodology as alternatives that 
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are deficient with respect to one or more criteria can compensate by their performances with re-
spect to other criteria. In AHP, weights are determined by structuring complexity as a hierarchy 
and by deriving ratio scale measures through pairwise comparisons. A consistency index indi-
cates whether the pairwise comparisons are consistent.  

For this case study, two levels were defined in the hierarchy. The first level comprehends the 
three main categories: environmental (Env), economic (Eco) and social (Soc). The second level 
entails the environmental criteria referred in section 4, the economic criteria referred in section 
5 and social criteria as described in section 6. Three sets of weights were derived assuming dif-
ferent preference orders: 

1) Set 1: 1st level on the hierarchy – Env=Eco=Soc; 2nd level on the hierarchy – 
AD=Ac=Eu=GWP=OL=HT=TE=Pho=W, IC>FC and Ac>VOC>DDC>N>A; 

2) Set 2: 1st level on the hierarchy – Env>Eco=Soc; 2nd level on the hierarchy – 
AD=Ac=Eu=GWP=OL=HT=TE=Pho=W, IC>FC and Ac>VOC>DDC>N>A; 

3) Set 3: 1st level on the hierarchy – Env>Eco=Soc; 2nd level on the hierarchy – 
GWP>OL>AD>Ac>Eu>W>Pho>HT>TE, IC>FC and Ac>VOC>DDC>N>A. 

The corresponding weights are represented in Table 2. 
  
Table 2. Sets of weights for different preference orders  

Set 1 Set 2 Set 3 

Abiotic Depletion 0,037 0,049 0,069 

Acidification 0,037 0,049 0,048 

Eutrophication 0,037 0,049 0,033 

Global warming 0,037 0,049 0,136 

Ozone layer 0,037 0,049 0,099 

Human Toxicity 0,037 0,049 0,011 

Ecotoxicity 0,037 0,049 0,008 

Photochemical oxi. 0,037 0,049 0,016 

Waste 0,037 0,049 0,023 

Inicial Costs 0,222 0,186 0,186 

Future Costs 0,111 0,093 0,093 

Vehicle Operation 0,095 0,079 0,079 

Accidents 0,128 0,107 0,107 

Driver  delays 0,060 0,050 0,050 

Noise 0,033 0,027 0,027 

Aesthetics 0,018 0,015 0,015 

8 RAKING OF ALTERNATIVES 

For the comparison of alternatives, the PROMETHEE method (Brans et al., 1986) was selected. 
According to this method information between the criteria and within each criterion is neces-
sary.  

The information between criteria is given by a set of weights {wj, j = 1, 2,…, k} representing 
the relative importance of the different criteria; while, information within criteria is based on 
pairwise comparisons. The deviation between the evaluation of two alternatives on a particular 
criterion is considered. For small deviations, the decision-maker allocates a small preference to 
the best alternative or possibly no preference if the deviation is negligible. The larger the devia-
tion, the larger the preference. These preferences may vary between 0 and 1.  

Thus, for each criterion there is a function, 
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( ) ( )[ ] ,,,,, AbabadFbaP jjj ∈∀=   (2) 
where, 

( ) ( ) ( )bgagbad jjj −=,  (3) 
and for which, 

( ) 10 ≤≤ baPj ,     (4) 
A generalised criterion {gj(.), Pj(a,b)} has to be defined for each criterion. In this case, the 

Gaussian criterion was selected, which is represented in Figure 11. 

 
Figure 11. Gaussian criterion 

 
In the Gaussian criterion the preference function remains increasing for all deviations and has 

no discontinuities. The parameter s defines the inflection point of the preference function. 
Three different ranks were obtained according to the sets of weights indicated in the previous 

section, which are represented in the following figures. 
 

 
Figure 12. Ranking of alternatives assuming the 1st set of weights 
 

 
Figure 13. Ranking of alternatives assuming the 2nd set of weights 
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Figure 14. Ranking of alternatives assuming the 3rd set of weights 

9 FURTHER DEVELOPMENTS 

The results obtained so far are based in scenarios for the stages of operation and end-of-life. No 
uncertainties were considered in the analysis. Also, no sensibility analyses were made for the se-
lection of the weighting sets. Thus, the following actions are foreseen in order to improve cur-
rent approach: definition of uncertainty in selected parameters in the life cycle analysis and the 
evaluation of uncertainty propagation over the analysis; and sensibility analysis for the choice of 
weighting sets. 
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1 INTRODUCTION 

In recent years, steel framed houses have become a choice for house construction in many 
European countries, including Romania. Compared with traditional solutions, the properties of 
the light-gauge steel skeleton can be exploited to take both technical and economical advantages 
from lightness of structures, ease of prefabrication, speed of erection and enhanced quality. 

One of the characteristics of the Romanian territory is the high seismicity, and traditionally, 
the cold-formed steel structures were considered non-effective for building in such zones. 
However, latter studies (Dubina, Ungureanu & Nagy, 2002) have proved their efficiency, not 
only structurally but also in simplicity and time-saving for building process. 

In what concerns the sustainability of such systems, one may think that they could have an 
important environmental impact, taking into account the types of materials used: steel for the 
skeleton, also steel for roof cover, highly processed wood (OSB) for wall boarding and so on. 

This is the reason why a comparison between the “traditional house” and the “Thin-Walled 
Cold-Formed” (TWCF) house is welcome in the domain of sustainability. In this perspective, 
the present paper presents a comparison, made for a common house. Several aspects are 
presented in turn, in order to underline the impact for different stages: construction only, 
construction + disposal, construction + disposal + maintenance. 

1.1 Constantin’s family house 

The structure for this private single-family house was built in 2005 in Ploiesti, Romania (Access 
Steel 2006). The two main characteristics of this two-storey building are the use of light steel 
framing for a private home, and an architectural solution shaped by a constrained site (see 
Figure 1). 
 

Family house: cold-formed steel framing and OSB cladding vs. 
masonry – Case study 

A. Ciutina, V. Ungureanu, D. Grecea & D. Dubina 
Department of Steel Structures and Structural Mechanics, Civil Engineering Faculty, “Politehnica” 
University of Timisoara, Timisoara, Romania 

ABSTRACT: In recent years, steel framed houses have become a choice for house construction 
in many European countries, including Romania. The aim of this case study is a comparative 
life cycle analysis between cold-formed steel framing house and an identical masonry one. The 
house under evaluation represents an existing single-family house, built in 2005 in Ploiesti, 
Romania solution. The structural skeleton is made of light-gauge C shaped profiles sheeted with 
OSB plates. In order to complete the environmental impact comparison the same house has been 
designed with masonry structural walls, according with Romanian traditional house. 
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Figure 1. 3D view of Constantin’s family house. 

 
From the architectural point of view, the main challenge of the project was to fit this private 

house on an irregularly shaped lot of only 168m2. The resulting cube-like building measured in 
the end 84m2 of built area on each of the two floors (see Figure 2), going up to the maximum 
allowed by city regulations. 
 

     
Lower floor plan: 1. dining room; 2. kitchen; 3. living room; 4. den; 5. laundry; 

Upper floor plan: 6. master bedroom; 7. library; 8. bedroom; 9. dressing; 10. bathroom; 11. logia 
Figure 2. Lower and upper floor plan of Constantin’s house. 

 
Due to the proximity of the buildings on the adjacent properties, the next difficulty consisted 

in finding the balance between the right amounts of views, natural light and privacy. Because 
the building seats on the property limit, it was impossible to provide window openings on that 
side. This was also one of the reasons for the roof being made with a single slope, the height of 
the building going from 9m to 10.5m. Each floor has approximately 2.75m in high and the slope 
of the roof is 30°. Two skylights located above the stairwell and the hallway, were placed to 
provide a light shaft, in order to enhance the centre. 

The structural skeleton is made of light-gauge C shaped profiles (C150/1.5) spaced at 
intervals of 600mm, with a thickness of 1.5mm, fixed with 4.8mm diameter self drilling screws 
(see Figure 3a). The height of the cross-section of profiles is 150mm, which governed the 
thickness of the walls. In order to withstand horizontal actions and to provide stiffness and 
strength the walls were stiffened using 12 mm thick OSB plates provided on both sides of the 
structural walls (Figure 3b). 

The load bearing beams in the slab are C200/1.5 profiles disposed at 600mm intervals, this 
distribution resulting from the condition to control the vibrations of the floor rather than, from 
strength conditions. Roof purlins resulted as Z150/1.5 profiles spaced at intervals of 1200mm. 
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The floor diaphragms were designed to be based on the same principle of covering with OSB. 
No concrete was used on the slab. 

Isolated foundations under columns were realized linked by foundation beams. The floor at 
ground level (concrete slab of 10cm) was realized over a bed of dense soil and a layer of 
compacted gravel (see Figure 6). 

 

   
Figure 3. a) Steel skeleton of the structure; b) Skeleton with structural OSB sheeting. 

 
Figure 4 shows the structure in two different stages: (a) the finished steel skeleton, (b) the 

steel skeleton together with all load bearing OSB panels attached. Figure 5 presents final 
exterior and interior views of the completed house. 
 

  
(a) the finished steel skeleton   (b) the steel skeleton together with all load bearing 

             OSB panels attached 
Figure 4. The structure during construction. 

 

     
(a) General view             (b) Interior view – staircase 

Figure 5. Constantin’s family house – completed house. 
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1.2 Traditional Romanian house 

A masonry structure has been designed following the same architectural plans. The structural 
system is composed by masonry walls of 25cm, concrete floor, continuous foundations and 
timber roof structure. Due to the different thicknesses of walls used in the two solutions, the 
main idea was to obtain the same inside volume for all rooms. The design considers the same 
location of the building and the same imposed and climatic loadings. 

The two solutions were designed for a service life of 50 years, according to EN1990 (2002): 
Basis of structural design. 

Figure 6 and Table 1 present the layers used for the distinct components of the house: exterior 
walls, interior walls, first floor, roof and foundations (including the concrete ground floor). 
 

Exterior walls 
TWCF house Traditional (masonry) house 

1

2

3

4

5

15

6

7

8

 

1. Gypsum plaster board 
12.5cm 
2. Vapour barrier (foil) 2mm 
3. Internal oriented strand 
board (OSB) 12mm 
4. TWCF profile / Mineral 
wool 150mm 
5. External oriented strand 
board (OSB) 12mm 
6. Thermoinsulation 
(polystyrene extruded) 20mm 
7. Polyester wire lattice (glass 
fibre) 
8. Exterior plastering 
(Silicone Baumit) 1.5cm 

8 25

1

2

3

4

5

6

15

 

1. Interior plastering 
(cement mortar) 1.5cm 
2. Masonry (bricks) 25cm 
3. Adhesive 
4. Thermo-insulation 
(polystyrene extruded) 
80mm 
5. Polyester wire lattice 
(glass fibre) 
6. Exterior plastering 
(Silicone Baumit) 1.5cm 

Interior walls 

1

2

3

4

15

 

1. Internal and external 
gypsum plaster board, 12.5cm 
2. External and internal 
oriented strand board, 12mm 
3. Vapour barrier (foil), 2mm 
4. TWCF profile / Mineral 
wool, 150mm 

 

25

1

2

1515

3

 

1. Interior plastering 
(cement mortar) 1.5cm 
2. Masonry (bricks) 25cm 
3. Interior plastering 
(cement mortar) 1.5cm 

Floors 

1 2 3 4 5 6 7  

1. Interior gypsum plaster board 12.5cm 
2. Thermoinsulation, mineral wool 50mm 
3. TWCF profile 
4. Oriented strand board (OSB) 15mm 
5. Phonoinsulation foil 3mm 
6. Oriented strand board (OSB) 12mm 
7. Finishing 

1. Interior plastering (cement mortar) 0.8cm 
2. Concrete slab (concrete) 13cm 
3. Concrete flooring (cement mortar) 3cm 
4. Finishing 13

3

1 2 3 4 0,
8

 
Figure 6. Layers used for structural components. 
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Roofs 

1
2

3

4

6
5

7
8

 
1. Inferior gypsum plaster board 12.5cm 
2. Vapour barrier (foil) 2mm, anticondense barrier 2mm 
3. Mineral wool 200mm 
4. TWCF profile 
5. Aluminium antireflex foil 3mm 
6. Oriented strand board (OSB) 15mm 
7. Timber framing (sawn timber) 
8. Steel tiled sheet (coated steel) 

2 3 5

1

4 6 7
 

1. Inferior gypsum plaster board 12.5cm 
2. Vapour barrier (foil) 2mm, anticondens barrier 2mm 
3. Mineral wool 150mm 
4. Timber rafter 
5. 6. Timber framing (sawn timber) 
7. Ceramic tiles 

Foundations and ground floors 

1

2

3
4

5
6

7
8

±0.00

 

1. Foundation soil 
2. Compacted soil 40cm 
3. Ballast 10cm 
2. Thermo-insulation (polystyrene extruded) 5cm 
5. Vapour barrier (foil) 2mm 
6. Concrete slab 10cm 
7. Concrete flooring (cement mortar) 3cm 
8. Finishing 

Figure 6 (continued). Layers used for structural components. 

1.3 System boundaries 

The comparative LCA analysis was performed using the SimaPro tool. It was included in 
analysis the material production, construction, end-of life for these materials as well as a 
maintenance scenario for a life-time period of the house of 50 years. 

In order to set the input elements (inventory), both for simplifying the model and time-saving, 
the inventory analysis has been done according to system boundary conditions. According to 
this, several aspects were considered: 

o all identical components and materials which are identical as dimensions and weights 
for both design situations were left out of comparison, bringing the same input and 
output (for example wall painting or the floor finishing). Including here are the doors / 
windows and electrical or heating systems; 

o the transportation was not taken into account, although the values (especially the 
weights) are much smaller in case of steel cold-formed house. However, these may be 
introduced at any time in comparison; 

o the domestic use of the building (water / gas / electricity use), was not integrated herein, 
as this comparison was focused on the construction stage; 

o the energy used for construction purposes (such as cranes and other technological 
machinery) were not integrated in comparison. 

It is to be noticed that due to the lack of information for the Romanian processes and 
materials, the mean European values were used for the inventory instead. 
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2 ENVIRONMENTAL IMPACT 

2.1 Results considering the construction stage 

For LCA calculation of building, the input materials have been considered according to the 
constructive elements: (1) exterior walls; (2) interior walls; (3) flooring system; (4) roof system; 
(5) foundation-infrastructure. 

In order to have an easier input of construction materials in LCA tool used (SimaPro), there 
have been computed average values for the weight of materials. These have been estimated for 
each type of constructive element as follows: the total weight of materials (resulted from the 
material lists) was divided to the total area of constructive element (in sqm). In this way, the 
final result represents an aggregate average per square meter of constructive element. This 
represents in fact the inventory used for SimaPro. 

Table 1 presents the resulted quantities of materials for the construction stage, per square 
meters. The stratification of different constructive elements could be also followed in the same 
table. 

 
Table 1. Calculated quantities of materials for construction stage. 
Constructive 

element 
Constitutive materials Use for 

traditional house 
Constitutive materials Use for TWCF 

house 
Interior plastering  
(cement mortar) 

1.5cm (21kg) Gypsum plaster board 12.5cm 
(9.15kg) 

Masonry (bricks) 25cm (207.5kg) Vapour barrier (foil) 2mm (0.1kg) 
Cement mortar 69.19kg Mineral wool 150mm 6.75kg 
Thermoinsulation 
(polystyrene extruded) 

80mm (2.8kg) Internal oriented 
strand board (OSB) 

12mm (7.7kg) 

Polyester wire lattice 
(glass fibre) 

1m2 (0.16kg) External oriented 
strand board (OSB) 

12mm (7.7kg) 

Exterior plastering  
(Silicone Baumit) 

1.5cm (4.2kg) Thermoinsulation 
(polystyrene extruded) 

20mm (0.7kg) 

Concrete (stanchions, 
lintels) 

66.54kg Polyester wire lattice 
(glass fibre) 

1m2 (0.16kg) 

Reinforcing 8.14kg Exterior plastering  
(Silicone Baumit) 

1.5cm (4.2kg) 

Exterior walls 

  Steel cold-formed 
profile 

16.32kg 

Masonry (bricks) 25cm (207.5kg) Internal and external 
gypsum plaster board 

12.5cm x 2 
(18.3kg) 

Interior plastering  
(cement mortar) 

1.5cmx2 (42kg) Vapour barrier (foil) 2mmx2 
(0.20kg) 

Cement mortar 69.19kg Mineral wool 150mm 
(6.75kg) 

Concrete (stanchions, 
lintels) 

66.54kg External and internal 
oriented strand board  

12mm x2 
(15.36kg) 

Interior walls 

Reinforcing 8.14kg Steel cold-formed 
profile 

18.33 kg 

Concrete flooring 
(cement mortar) 

3cm (66kg) Oriented strand board 
(OSB) 

12mm (7.68kg) 

Concrete slab 
(concrete) 

1m2 (312kg) Phonoinsulation foil 
3mm 

0.1kg 

Reinforcement 
(steel) 

16.8kg Thermoinsulation 
Mineral wool 

50mm (2.25kg) 

Interior plastering  
(cement mortar) 

0.8cm (11.2kg) Inferior gypsum 
plaster board 

12.5cm 
(9.15kg) 

  Oriented strand board 
(OSB) 

15mm (9.6kg) 

Floor 

  Steel cold-formed 
profile 

13.61kg 
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Table 1 (continued). Calculated quantities of materials for construction stage. 
Constructive 

element 
Constitutive materials Use for 

traditional house 
Constitutive materials Use for TWCF 

house 
Timber framing 
(sawn timber) 

32.7kg Steel tiled sheet 
(coated steel) 

5kg 

Ceramic tiles 43kg Steel cold-formed 
profile 

19.09kg 

Mineral wool 150mm (6.75kg) Timber framing 
(sawn timber) 

5.16kg 

Vapour barrier (foil) 2mm (0.1kg) Anticondens barrier 2mm (0.135kg) 
Anticondens barrier 2mm (0.135kg) Oriented strand board 

(OSB) 
15mm (9.6kg) 

Mineral wool 200mm (9kg) 
Aluminium antireflex 
foil 

3mm (0.1kg) 

Vapour barrier (foil) 2mm (0.1kg) 

Roof system 

Inferior gypsum 
plaster board 

12.5cm (9.15kg) 

Inferior gypsum 
plaster board 

12.5cm 
(9.15kg) 

Ballast – compacted  10cm (540kg) Ballast – compacted  10cm (320kg) 
Concrete 1752kg Concrete 1078kg 

Foundation - 
Infrastructure 

Reinforcement 19.12kg Reinforcement 13kg 
 
It should be underlined the fact that the above values contain generic weights as the materials 

are gathered all-together. As an example in case of external walls of the traditional house the 
concrete resulted form the stanchions, although they are present only at each 2.5m and at 
corners. 

Table 2 gives the total surfaces for the constructive elements, computed by excluding all the 
openings (doors, windows, technological or staircase opening etc.). 
 
Table 2. Computed surfaces for different constructive elements (sqm). 
Constructive element Traditional house Metallic house 
Exterior walls 216.25 215.1 
Interior walls 134.27 126.11 
Floors 86.13 80.6 
Roof system 100.11 92.54 
Foundation 95.36 91.28 
 

Figures 7 to 12 present the environmental impact by considering the above input data for 
construction phase but disregarding the common materials and processes according to the 
boundaries described in previous paragraph. All the results are given in “eco-points” in order to 
have unitary and comparable outcomes. The method used for impact analysis is Eco-indicator 
‘99. 

Figure 7 gives the environmental impact for the traditional house for the construction process. 
One could realise that the major impact is for fossil fuels, as these resources, as they are used for 
the fabrication of building materials at all levels. Also, important values of impact are recorded 
for inorganic respiratory emissions, climate change substances and land use. 

Figure 8 presents the result of the same stage ranked per constructive elements. The major 
impact corresponds now to exterior walls and foundations. Both constructive elements are high 
consumers of resources but also have a great impact of human health (each with more than 300 
points). However, not the same observations could be said about roofing system, for which the 
major environmental impact is on eco-system quality, mainly due to high quantity of wood. 

Analyzing the metallic house in the same manner (see Figures 9 and 10), one could say that 
the same impact categories are predominant as in the case of traditional case (fossil fuels, 
respiratory inorganic emissions and land use). The results ranked per constructive elements 
show that also the external walls and the foundations have the lead on the environmental impact. 
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Figure 7. Environmental impact for traditional house – construction phase (weighting). 
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Figure 8. Environmental impact per constructive element for traditional house – construction phase. 
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Figure 9. Environmental impact for metallic house – construction phase (weighting). 
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Figure 10. Environmental impact per constructive element for metallic house – construction phase. 

 
In a direct comparative impact analysis, for traditional home results higher impact values for 

all the impact categories, as could be seen in Figure 11. Large differences could be noticed in 
case of land use (2.5 times larger the environmental impact of steel house), fossil fuels, 
respiratory inorganic substances and climate change (at least 1.5 times greater for traditional 
house). In a single score analysis (see Figure 12) the sum of above figures result in an overall 
score of 1931 points for metallic house with 73% smaller than the global score of the traditional 
house (3300 points). 
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Figure 11. Comparison on environmental impact for metallic and traditional house (weighting). 
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Figure 12. Comparison on environmental impact for metallic and traditional house (global score). 
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2.2 Results considering the construction stage and end-of-life (recycle, reuse and disposal) 

It is certain that the building process is not complete without an end-of-life for the materials if 
considering the life-cycle approach. Normally the final destination of waste building materials 
represents a problem in every country, but may differ even within a country, from zone to zone. 
There are materials that could be reused in the form they are for the same purpose (ballast for 
example), others that could be reused for other less important purposes (e.g. crushed concrete as 
street bed-layer), and others that need waste treatment (incineration) or used simply as land-fill. 

For the purpose of our study the end-of-life of integrated materials was thought according to 
present conditions in Romania for recycling, reuse and disposal. These are summarised in the 
following table for main building materials considered. 
 
Table 3. End-of life for building materials. 
Building material Reuse [%] Recycling [%] Burn [%] Landfill [%] 
Steel – steel profiles, 
steel tiled sheets 

--- 100 --- --- 

Steel – reinforcement --- 80 --- 20 
Bricks, ceramic tiles --- --- --- 100 
Wood 35 --- 65  
Ballast 70 --- --- 30 
Concrete, mortar --- --- --- 100 
Other inert materials --- --- --- 100 
Other combustible 
materials 

--- --- 100 --- 

 
According to these rules of disposing the materials at the end-of life, the Figures 13 to 19 

present the environment impact for the construction stage and including the disposal processes 
at the end-of-life. 

Figures 13 and 14 present the impact for the traditional house per impact categories and for 
constructive elements respectively. Important to note that the disposal scenario considered does 
not affect in large extent (smaller than 10%) the results obtained previously for the construction 
process. 
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Figure 13. Environmental impact for traditional house – construction phase and end-of life (weighting). 
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Figure 14. Environmental impact per constructive element for traditional house – construction phase and 
end-of life. 

 

An interesting situation in the case of metallic house (see Figures 15 and 16) could be noticed 
for the impact of all constructive elements that include the metallic structure (internal and 
external walls, floor and roofing system) for which the environmental impact reduces 
significantly. In terms of impact categories (Figures 15), the principal categories that reduce the 
impact are the fossil fuels (which reduces from 1 to 0.7 kpoints) and the respiratory inorganic 
substances. This is explained by the recycling of steel elements, which in fact revert positive on 
the life-cycle analysis. 
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Figure 15. Environmental impact for metallic house – construction phase and end-of life (weighting). 
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Figure 16. Environmental impact per constructive element for metallic house – construction phase and 
end-of life. 
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Consequently, it results that in the life-cycle comparison for the construction and disposal 
scenarios, the gap between the two situations is larger than in the case of construction process 
only (comparison of Figures 17 and 18 to 11 and 12 respectively). Ranked in a single score it 
results that the traditional house affects the environment more than double than that constructed 
on steel skeleton. 
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Figure 17. Comparison on environmental impact for metallic and traditional house (weighting) - 
construction phase and end-of life. 
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Figure 18. Comparison on environmental impact for metallic and traditional house (global score) - 
construction phase and end-of life. 

2.3 Results integrating the maintenance of buildings 

Regardless the chosen constructive system, a building needs maintenance works during its 
lifecycle. These works could be of different types and function of this type could be more or less 
expensive and are a very important part of the building life-cycle. 

Maintenance concepts: 
- Corrective maintenance: in this case, the spaces could function until their degradation 

due to wearing and/or damaging of building materials. In this case the reparation means 
replacing of the element or even replacing of the entire structure. This implies of course, 
the highest maintenance costs. 

- Planned maintenance: in this situation the buildings are maintained in a planned manner, 
in function of the warranty period of constitutive materials. In this system, it does not 
matter the wearing of materials but only the warranty period. In this situation, it is 
possible to replace a part of components and subassemblies still functional. In any case, 
the costs for this type of maintenance are smaller than in the case of corrective 
maintenance. 
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- Preventive (predictive) maintenance in which the building functions in comfort 
conditions up to the installation of a certain wearing threshold level or the apparition of a 
certain defect. In this system, the affected elements will be refurbished in advance and the 
refurbishment is done in places where it is needed. In this way it is possible the planning 
of construction works, purchase in time of materials. According to this type of 
maintenance results clearly the smallest maintenance costs among the solutions 
described. 

 
Table 4. Calculated quantities of materials for maintenance stage. 

Constructive 
element 

Constitutive materials Use for 
traditional house 

Constitutive materials Use for 
metallic house 

Interior plastering  
(cement mortar) 

1.5cm (21kg) Gypsum plaster board 12.5cm 
(9.15kg) 

Vapour barrier (foil) 2mm (0.1kg) Cement mortar 69.19kg 
Mineral wool 150mm 6.75kg 

Thermoinsulation 
(polystyrene extruded) 

80mm (2.8kg) Internal oriented 
strand board (OSB) 

12mm (7.7kg) 

Polyester wire lattice 
(glass fibre) 

1m2 (0.16kg) External oriented 
strand board (OSB) 

12mm (7.7kg) 

Exterior plastering  
(Silicone Baumit) 

1.5cm (4.2kg) Thermoinsulation 
(polystyrene extruded) 

20mm (0.7kg) 

Concrete (stanchions, 
lintels) 

66.54kg Polyester wire lattice 
(glass fibre) 

1m2 (0.16kg) 

Exterior walls 

Reinforcing 8.14kg Exterior plastering  
(Silicone Baumit) 

1.5cm (4.2kg) 

Internal and external 
gypsum plaster board 

12.5cm x 2 
(18.3kg) 

Vapour barrier (foil) 2mmx2 
(0.20kg) 

Mineral wool 150mm 
(6.75kg) 

Interior walls Interior plastering  
(cement mortar) 

1.5cmx2 (42kg) 

External and internal 
oriented strand board  

12mm x2 
(15.36kg) 

Oriented strand board 
(OSB) 

12mm (7.68kg) 

Phonoinsulation foil 
3mm 

0.1kg 

Concrete flooring 
(cement mortar) 

3cm (66kg) 

Thermoinsulation 
Mineral wool 

50mm (2.25kg) 

Inferior gypsum 
plaster board 

12.5cm 
(9.15kg) 

Floor 

Interior plastering  
(cement mortar) 

0.8cm (11.2kg) 

Oriented strand board 
(OSB) 

15mm (9.6kg) 

Timber framing 
(sawn timber) 

13.28kg Steel tiled sheet 
(coated steel) 

5kg 

Ceramic tiles 43kg 
Mineral wool 150mm (6.75kg) 

Timber framing 
(sawn timber) 

5.16kg 

Vapour barrier (foil) 2mm (0.1kg) Anticondense barrier 2mm (0.135kg) 
Anticondense barrier 2mm (0.135kg) Oriented strand board 

(OSB) 
15mm (9.6kg) 

Mineral wool 200mm (9kg) 
Aluminium antireflex 
foil 

3mm (0.1kg) 

Vapour barrier (foil) 2mm (0.1kg) 

Roof system 

Inferior gypsum 
plaster board 

12.5cm (9.15kg) 

Inferior gypsum 
plaster board 

12.5cm 
(9.15kg) 

 
The integration of maintenance works for a structure is difficult to make, because the 

predictions that could be made in advance may not correspond to reality. However, in order to 
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complete the life-cycle of buildings under consideration, the following prediction (a kind of 
planned maintenance) was made for a house, thought for a standard life-time of 50 years: 

i) In case of the traditional house: 
 - 9 internal decorations (once at 5 years) 
 - 3 external decorations (once at 12.5 years) 
 - 3 changes for bathroom/kitchen sanitary: sandstone, sanitary furniture, internal plaster-

board etc. (once at 12.5 years) 
 - 1 change of the electric and heating system (once at 25 years) 
 - 1 change of the roofing system (wood and cover) (once at 25 years) 
 - 1 change of the exterior thermo-system (once at 25 years) 
 
ii) In case of the metallic house: 
 - 9 internal decorations (once at 5 years) 
 - 3 external decorations (once at 12.5 years) 
 - 3 changes for bathroom/kitchen sanitary: sandstone, sanitary furniture, internal plaster-

board etc. (once at 12.5 years) 
 - 1 change of the electric and heating system (once at 25 years) 
 - 1 change of the steel tiled sheeting (once at 25 years) 
 - 1 change of the thermo-system (once at 25 years) 
 
For our comparison, in order to remain consistent with boundary conditions as explained in 

paragraph 1.3, the following elements used in maintenance of buildings result (see Table 4, to 
be compared with Table 1). 
 

Important to notice is the fact that, in case of steel structure, only the steel skeleton remains 
(theoretically) unchanged, while all other elements are changed once in 50 years. For traditional 
house, the maintenance reduces here at the level of plastering for walls, thermo-system and part 
of the roof-wood supporting. For both cases no maintenance was considered for infrastructure. 

In addition, for the life-cycle assessment, the same conditions for disposal at the end-of life 
have been considered in accordance to the previous explanations (see Table 3). 

Figures 19 to 24 present the impact deduced only for maintenance process. As the quantities 
introduced for analyses are smaller than that from the building process, the final scores are also 
smaller. In terms of impact categories (Figures 19 and 21 respectively), the same categories 
(fossil fuels, respiratory inorganic substances and land use) integrate more than 85 % of the total 
scores. In case of maintenance of steel house, the eco-toxicity is also a mentionable category to 
total score. 
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Figure 19. Environmental impact for traditional house – maintenance only (weighting). 

 
The main constructive element that contribute to final score (see Figures 20 and 22) are the 

external walls in both cases, mainly due to removal and replace of thermo-system. However, in 
case of metallic structure, the second impact constructive element is the internal wall. This is in 
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fact explainable due to the replacing of the entire non-structural system, while in case of 
traditional home, only the plastering is removed. 

Another important aspect appears in the case of roofing system, for which both systems 
consider the replace of the covering. Due to the fact that in case of steel structure the steel 
sheeted tiles are recycled while in the case of the traditional house the ceramic tiles are used 
only as land-fill, the maintenance of the traditional roof has a larger impact than that of the steel 
house. 
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Figure 20. Environmental impact per constructive element for traditional house – maintenance only. 
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Figure 21. Environmental impact for metallic house – maintenance only (weighting). 
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Figure 22. Environmental impact per constructive element for metallic house – maintenance only. 
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Figure 23. Comparison on environmental impact for metallic and traditional house (weighting) - 
maintenance only. 

 
All the above values resulted only from maintenance and cumulated in a single score (Figures 

23 and 24) will conduct to about 1000 eco-points in the case of metallic house and respectively 
600 eco-points for the traditional house. This is somehow in contradiction with the values 
derived for the construction process, where the ratio is reversed in the favour of the metallic 
house. 

The explanation for this derives from the facts that for the steel house the wall, floor and roof 
layers are replaced (remaining practically only the steel skeleton) while in the case of traditional 
house, all the brick, concrete and main wood frame remain in the original form. 
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Figure 24. Comparison on environmental impact for metallic and traditional house (global score) - 
maintenance only 

2.4 Life-cycle results integrating the construction, disposal and maintenance 

Figures 25 and 26 presents the above-described stages from the life-cycle of buildings as a 
direct sum of: 

- the construction stage; 
- the disposal at the end-of-life for different materials; 
- the maintenance of the building for a life-time period of 50 years. 

As a general trend, the following impact categories are most affected (see Figure 25): 
(i) fossil fuels and respiratory inorganic substances, climate change: mainly due to the 

manufacturing processes which require large quantities of energy, which further on affect 
directly the fossil fuel reserves. These processes contribute in high extent to the emissions of 
inorganic substances and climate change gasses; 

(ii) land use: due to damages to land use (wood exploitation, ballast pits etc). 
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As a general rule, the differences obtained in the life-cycle analysis including maintenance 
follow the trend observed in case of building process itself, namely almost all the environmental 
impact categories are greater for the traditional home. 
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Figure 25. Life-cycle comparison on environmental impact for metallic and traditional house (weighting) 
for construction, including maintenance and end-of-life. 

 
In a single score analysis (see Figure 26), and taking into account the boundary conditions as 

explained before, the metallic house (2750 eco-points) present an important advantage in front 
of traditional home (4220 eco-points). Of course, a lot of parameters (such as national or 
regional peculiarities, climatic zones or distance from the material distributors) may affect these 
results. 
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Figure 26. Life-cycle comparison on environmental impact for metallic and traditional house (single 
score) for construction, including maintenance and end-of-life. 

3 CONCLUSIONS 

The present paper presents an instructive case-study regarding the life-cycle impact for a usual 
domestic house in Romania. This includes several parameters considered for two distinct 
situation (steel structured house vs. traditional home in masonry), such as: 

- the construction stage; 
- the disposal scenario; 
- the maintenance (applied strictly to building materials). 
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The life-cycle impact has proven interesting facts, summarized below: 
- the environmental impact for the construction process only is considerably smaller for 

the house with steel structure - 1.7 times smaller. This is confirmed for almost all the 
impact categories considered in the impact method; 

- if considering the constructive elements, the highest impact on environment is due the 
external walls and foundations which have by far the larger valued of impact, judged 
in terms of all categories; 

- the disposal scenario does not affect in large extent the final impact in case of houses 
considered in comparison, and in terms of impact categories the results are distributed 
due to the fact that some of materials could be reused or recycled; 

- the maintenance of steel house has a higher environmental load than the traditional 
house. This is due to the smaller amount of materials that are replaced in case of 
traditional house; 

- however, the complete life-cycle (integrating construction, disposal and maintenance) 
show a net impact advantage of the steel house, although this is smaller than the 
construction process only. 

 
It is certain that all the above results are derived upon a large series of hypothesis and 

scenarios. Changing some of these scenarios one could arrive to different results. In any case, 
the present results show very clearly the fact that modern houses could be more and more 
sustainable and friendly to the environment, and this could be part of an integrated design of 
structures. 
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1 INTRODUCTION 

In the traditional spirit of building, there is a frequent dispute that leads to a so-called “adequate 
design”. It includes two conditions that are somehow in contradiction: 

1. The accomplishment of design criteria related to safety and functionality. It implies aspects 
related to resistance and stability under severe conditions of loading, the architectural, thermal, 
acoustic, hydro-insulation demands etc. that could affect the internal comfort of the inhabitants; 

2. The achievement of an economical structure. This criterion may influence not only the 
choice of a structural system, but also the choice of building envelopes and other non-structural 
components. Mainly, it is the beneficiary who takes the principal decisions about investing more 
in the construction phase thus reducing the costs during exploitation or reciprocally. 

In the holistic approach, applying an integrated performance design, the environmental 
impact should be considered as a third set of constraints. 

Taking into account the fact that the first condition of safety and functionality represents a 
necessary condition for a building, it results that the design should be based on the following 
philosophy: among the solutions that assure the safety and functionality of a building, one 
should chose those conducting to a minimum cost and a lower impact on environment. 

Sustainable development in construction assumes not only the implications in design options 
(the choice of building materials etc.) and the architectural aspect, but also should contain 
considerations on energy efficiency and the disposal scenario. Most of the results derived form 
environmental impact analyses carried on buildings clearly show the fact that the dominant 
impact factors are related – directly or indirectly – to the energy use. 

2 THE ENERGY TRILEMMA 

When energy is considered it should be underlined that even in the case of materials, much of 
environmental impact is due to the material processing, transportation, machine use etc. that 
could be translated in terms of energy. 

The Chartered Institute of Building, UK shows that about 45% of the energy generated is 
used in order to power and maintain buildings, and 5% to construct them (CIOB, 2008). The 
heating, lighting and cooling of buildings directly through the burning of fossil fuels (gas, coal, 

Family house: cold-formed steel framing and OSB cladding vs. 
masonry – LC Energy approach 

A. Ciutina & V. Ungureanu 
Department of Steel Structures and Structural Mechanics, Civil Engineering Faculty, “Politehnica” 
University of Timisoara, Timisoara, Romania 

ABSTRACT: This paper emphasizes some aspects that should be considered in regard to the 
environmental impact of the energy in buildings. First, the authors tackle with the energy 
trilemma that includes energy, economy and sustainable development showing the importance 
of energy in the building process. In the second part are shown the results of a life-cycle 
comparison for the energy impact for two similar houses built in different systems: metallic 
structure and masonry respectively. 

391



oil) and indirectly through the use of electricity is the primary source of carbon dioxide and 
accounts for half of all global warming gas emissions. In conclusion, energy consumption could 
be considered as the principal culpable for the environmental impact. 

At a global level, there exists an interaction among energy, economic growth and sustainable 
development. This is known as the “energy trilemma” and involves three parameters: energy 
consumption, economic development and environmental impact (Khan, 1992). As a matter of 
fact, it is very difficult to exit of this vicious circle, and the implicit decision is taken on the 
principle: pick two, ignore the third (Andersson, 2008). 

Starting from its definition, according to which the economic growth represents the result of 
a real process of energy – and matter – transformation by using living labour, it can be simply 
deduced that energy consumption and economical development go hand-in-hand. This is also 
shown by Altvater (1999) in his treaty that the economical growth violates the conditions of 
ecological sustainability. 

Adversely, the strategies that take into account a sustainable development will have a 
negative impact on one or both of the other two parameters. The general tendency nowadays is 
to rely on economic growth considering the environmental impact, but this will tend to affect 
the energy use. 

The third approach possible is to use as much “green energy” as possible, with favourable 
benefits for the environment, but this will affect the economic growth in the long run. 

However, the conflicts between the three parameters could be generally solved by 
compromises (conflicts are often the beginning of compromise). For this purpose, the interaction 
of parameters is of a prime importance in finding solutions. 

3 CALCULATION OF CONSUMABLE GOODS FOR THE HOUSE 

3.1 House description 

The house under study, described largely in the previous paper of this volume “Family house: 
cold-formed steel framing and OSB cladding vs. masonry – Case study” represents a private 
single-family house was built in 2005 in Ploieşti, Romania. In order to have an LCA 
comparison, the structural design was made following two different solutions: (1) in masonry, 
system that corresponds to the Romanian traditional housing system referenced further on as 
“traditional house” and, (2) steel cold-formed solution called as “metallic house”. 

The real structure in Ploieşti was made by thin-walled cold-formed steel profiles. Details on 
structural systems (walls, cladding, foundation etc.) are described in detail in the previous paper. 

3.2 Calculation of consumable goods 

In order to complete the life-cycle assessment of the house, the consumable goods (electricity, 
water etc.) should be estimated. In our case, the estimation for these goods was made for a 
standard life-time period of 50 years. 

The energy considered in this study is used for heating, cooling processes, domestic use of 
electrical devices, lightning and so on. The values taken into consideration in our comparison 
are based on mean computation for power consumption per capita or per surface, while in the 
case of heating/cooling there have been considered the particular characteristics of each 
structural system.  

Although the water consumption, power used for lighting and electric devices is similar for 
both structural systems, it should be mentioned the fact that the main differences between the 
two solutions appear in the energy consumption used for heating and cooling (the wall layers 
are different for the traditional house and metallic structure respectively. 

Three main components were considered as consumable goods, as follow: 
- water, used for domestic purposes, as cold and hot. The hot water is prepared at 

home; 
- electricity, used for lighting, electrical devices, cooling system; 
- natural gas, employed in heating the house during cold months and for hot water 

preparation. 
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3.3 Estimation of the annual natural gas requirement 

As already mentioned, the natural gas was considered the source used for heating and hot water 
preparation. For this purpose, first it is needed an estimation of the quantity of heat needed 
during one year. This was performed according to the Romanian standards SR 1907-1:1997 and 
SR 1907-2:1997, in function of the interior and exterior temperatures and construction elements. 

Practically, for each distinct component delimiting the house rooms (walls – including 
windows and doors, ceiling and floors) there have been computed the resistance to thermal 
transfer. Next, function of outside temperature (monthly mean) and the required inside 
temperature it was computed the required heat quantity. 

The resistance to thermal transfer was computed by: 
 

icT QAAQQ  ]100/)(1[ 0             (1) 
where: 
QT represents the thermal flux through the delimiting elements (walls, windows and doors in 

steady regime); 
Qi is the required heat for warming the air flow, cooled due to doors and windows opening, 

from exterior to interior temperature; 
Ao North-South orientation addition; 
Ac addition for cold-surfaces compensation. 
 

The thermal flux through the delimiting elements was computed by: 
 

( / )T M pQ A m R t C Q                   (2) 

in which: 
A represents the area of the delimiting element; 
R is the element resistance to thermal transfer; 
CM is a coefficient given function of the relative mass of the building, taken as 0.94; 
m the thermal massivity of material (computed in function of the thermal inertial index); 
t represents the interior-exterior thermal difference; 
Qp is the heat transmitted through the floor. 

 
For our study, the thermal resistance was computed for each type of delimiting component. 

Table 1 gives as an example the way of calculation of the thermal resistance for the external 
wall of the traditional house. From the wall materials there have considered those having an 
important conductivity (mortar, polystyrene and masonry bricks). The stratification of this wall 
is given in Figure 1. 

 
Table 1. Calculated quantities of materials for construction stage. 

Exterior wall (25cm)

Name Thermal Conduct.Therm. Assimilation Elem. Width Thermal resist. Total thermal resistance Thermal Inertial Index Thermal massivity
l(W/mk) s(W/m2k) d(m) RO(m2k/W) R=Ri+RE+RO(m2k/W) D m

Cement mortar 0.9300           10.0800             0.0300   0.0323         2.1274                       0.3252                    
Hollow Brick 0.6400           7.6400               0.2500   0.3906         0.0420                       2.9844                    
Polystyrene 0.0440           0.3000               0.0750   1.7045         0.1250                       0.5114                    

2.1274         2.2944                       3.8209                    1.0340               

R= 2.2944        
 

Table 2 summarises the thermal resistances of all elements, computed as above, in function of 
the system stratification. It could be noticed that the metallic house wall has a much higher 
thermal resistance in comparison to the brick masonry wall (different wall systems), but both of 
them are greater than the minimum limit required by norm. 

The heat requirement was computed taking into account three assumptions: (i) in the houses 
are living 3 persons; (ii) the external mean temperatures were considered that for the city of 
Ploiesti, location in which the structure was build and (iii) the interior ambient temperature was 
considered 20ºC. On these presumptions it results a daily requirement for heating. Table 3 
present, as an example, the heating requirement for one day in January, for the first floor of the 
traditional house. The total heat requirements for both houses are given in Table 4, in watts. 
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1. Interior plastering (cement mortar) 1.5 cm 
2. Masonry (bricks) 25 cm 
3. Adhesive 
4. Thermo-insulation (polystyrene extruded) 80 mm 
5. Polyester wire lattice (glass fibre) 
6. Exterior plastering (Silicone Baumit) 1.5 cm 

Figure 1. External wall stratification for traditional house. 
 

Table 2. Comparison of thermal resistances per elements for traditional vs. metallic house. 
No. Element name Thermal resistance for 

traditional house (m2k/W) 
Thermal resistance for 
metallic house (m2k/W) 

1 Exterior wall 2.2944 4.3092 
2 Interior wall 0.5791 0.4541 
3 Floor on ground 1.6361 1.6361 
4 Floor over 1st storey 0.6462 1.6911 
5 Floor over 2nd storey 4.4564 4.4564 

 
Table 3. Heat requirement for first floor in January – traditional house -example of computation. 
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  [m] [m] [m2] [m2] [m2] [m2k/W]  [°C] [W] 

FP1 1 11.05 2.7 29.84 13 16.9 2.2944 1.034 22 164.26  
FP2 2 11.05 2.7 29.835 3.51 26.3 2.2944 1.034 22 256.24 
LE3 3 9.45 2.7 25.52 9.54 16 2.2944 1.034 22 155.50 
LV4 4 9.45 2.7 25.52 6.26 19.3 2.2944 1.034 22 187.47 
G+U    32.27 0 32.3 0.667 1 22 1,044.86 

F    90.46 0 90.5 1.6361 1.069 16 945.47 
PP    90.46 0 90.5 0.6462 1.133 0 - 

TOTAL 2,753.80 
 
Table 4. Heat requirement (watts) for one year. 

Traditional house Metallic House Month No. 
days. Heat req./ day Heat req./ month Heat req./ day Heat req./ month 

January 31 4839.349 3,600,475.76 4,121.72 3,066,557.88  
February 29 4170.275 2,902,511.36 3,548.91 2,470,039.99 
March 31 3229.963 2,403,092.12 2,752.66 2,047,980.86 
April 30 1996.174 1,437,245.28 1,699.96 1,223,973.53 
October 31 1996.174 1,485,153.45 1,699.96 1,264,772.65 
November 30 3229.963 2,325,573.02 2,752.66 1,981,916.96 
December 31 4377.422 3,256,801.97 3,741.58 2,783,737.29 
 TOTAL (Qinc) 17,410,852.95 TOTAL (Qinc) 14,838,979.16 

 
The required energy for heating water is computed in accordance to the following formula: 

 

( ) [kJ]ac p ac arQ m c t t                (3) 
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where: 
m  is the water debit in kg/hour; 
cp  the thermal capacity of water; 
ρ  the water density (1000 kg/m3); 
ta.c.-ta.r. the hot (45ºC in mean) and cold (10ºC in mean) water temperature. 
 

The required hot water / day was fixed at 110 l, so for the three inhabitants of the house it 
was considered a total amount of 330l. 

Total heat requirement resulted for a house is then given by: 
 

tot ac incQ Q Q                   (4) 
where: 
Qinc  is the required energy for heating. 
 

The gas requirement is then computed by: 
 

/tot gasM Q q                  (5) 

where, qgas is the thermal power of gas taken as 8.5 mc/kW. 
It results the following (see Table 5) for the total requirements of energy and its translation in 

gas volume burn in domestic gas heating power station (computed by formula 5). 
 

Table 5. Annual heat requirement and gas equivalent. 
 Traditional house Metallic house 
Qinc [kilowatt] 17410 14838 
Qac [kilowatt] 4902 4902 
Qtot [kilowatt] 22312 19740 
M [m3] 2624 2322 

3.4 Estimation of the annual domestic electrical power 

In order to compute the annual domestic power consumed by the inhabitants it was considered 
the following configuration of the electric board (see Table 6): 
 
Table 6. Electric board scenario. 

CHARGE 
Active Reactive Apparent 

Pa Qnec S 

 
No. 

 
Circuit 

No. 

 
Consumer 

denomination 

 
Pi 

[kW] 

 
Pf 

[kW]

 
Ku 

 
Cos. 

fi 

 
Tg. 
fi 

[kW] [kVar] [kVA] 
1 TD1.1 1st floor lightning 1.00 1.00 0.60 0.80 0.75 0.6 0.19 0.8 
2 TD1.2 2nd floor lightning 1.00 1.00 0.60 0.80 0.75 0.6 0.19 0.8 
3 TD1.3 Sockets – 1st floor 2.50 2.50 0.60 0.80 0.75 1.5 0.49 1.9 
4 TD1.4 Sockets – 2nd floor 2.50 2.50 0.60 0.80 0.75 1.5 0.49 1.9 
5 TD1.5 AC Split 3.00 3.00 0.60 0.80 0.75 1.8 0.58 2.3 
6 TD1.6 Washing machine 1.50 1.50 0.60 0.80 0.75 0.9 0.29 1.1 

TOTAL 8.50 11.50  6.9 2.2 8.6 
 

Taking into account the temperature fluctuation during the summer months, it was considered 
a monthly consumption of 200 kWh for summer months respectively 120 kWh for cold months. 
The difference is due to the use of AC Split. 

Consequently, the annual electrical power consumption is: 
 

6 120 6 200 1920W kWh                (6) 
 
resulting for the entire life of house of 50 years a value of 96000 kWh. 
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3.5 Estimation of the annual water used 

Considering the house inhabited in mean by 3 persons, the water requirement was considered as 
10 m3 for cold and hot water respectively (the warming of the hot water was integrated into the 
annual gas estimation). These values resulted also by considering the national values. The 
annual water consumption results as: 
 

312 20 240C m    (12000 m3 for the entire life of the house)   (7) 

4 LIFE-CYCLE ANALYSIS INCLUDING ENERGY APPROACH 

The life-cycle analyses of the houses under consideration have been described in detail in the 
precedent paper, entitled “Family house: cold-formed steel framing and OSB cladding vs. 
masonry – Case study”. 

All the environmental impact analyses were conducted using SimaPro computer software, 
using the Eco-indicator ’99 method of analysis. The results are expressed in eco-points, and 
displayed for different impact categories. The materials used for analysis were either considered 
as European products either Romanian ones. 

4.1 LCA results for houses considering the building aspect 

In this comparative study it was included the construction process, disposal scenario and 
maintenance of the building materials for a life period of 50 years. The results shown in Figures 
2 and 3 show clearly the fact that the environmental impact of the metallic house is significantly 
smaller than that induced by the traditional house (for all the impact categories excepting eco-
toxicity). Several parameters are responsible for this result, such as the reduced weight of the 
metallic house, use of materials that are not energy-consuming products, recycling procedure 
that may be applied to steel elements etc. 
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Figure 2. Life-cycle comparison on environmental impact for metallic and traditional houses (weighting) 
– building process. 
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Figure 3. Life-cycle comparison on environmental impact for metallic and traditional houses (single 
score) – building process. 

4.2 LCA results for houses, including the consumable goods 

According to the calculation presented in previous paragraph, the following quantities of 
consumable goods – computed for a time-life period of 50 years have been introduced 
supplementary in the LCA analyses (see Table 7). No disposal scenario was considered for the 
consumables. 
 
Table 7. Consumable goods used for LCA. 
Consumable Traditional House Metallic House 
Water [m3] 12000 12000 
Gas [m3] 131200 116100 
Electricity [kWh] 96000 96000 
 

Figures 4 and 5 present the impact on environment for these consumable goods. In terms of 
impact categories (Figure 4), the highest impact is taken by fossil fuels, fact that is normal in 
regard to the elements considered (gas, electricity and water). The other impact categories are 
negligible in regard to fossil fuels category. This is also confirmed by the single score result (see 
Figure 5) where the only difference remains in the Resources, due to gas required for heating. 
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Figure 4. Life-cycle comparison on environmental impact for metallic and traditional houses (weighting) 
– consumable goods only. 
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Figure 5. Life-cycle comparison on environmental impact for metallic and traditional houses (single 
score) – consumable goods only. 

 
Figure 6 exemplifies for the case of metallic house the share of impact categories for different 

consumables considered: gas, electricity and water. The conclusion could be drawn very easy 
and is that the gas affects largely the fossil fuel category, while the electric energy represents an 
important factor in the category of respiratory inorganic substances. Consequently, the main 
impact parameter in consumable goods is represented by gas consumption. 

 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

Car
ci

nogen
s

Res
p. o

rg
an

ic
s

Res
p. i

norg
an

ic
s

Clim
at

e 
ch

an
ge

Rad
ia

tio
n

Ozo
ne 

la
ye

r

Eco
to

xi
ci

ty

Aci
difi

ca
tio

n

Lan
d u

se

M
in

er
al

s

Foss
il 

fu
el

s

kP
t

Electricity, low voltage, production RO, at grid/RO S

Natural gas to CH S

Tap water, at user/RER S

 
Figure 6. Environmental impact per consumable – metallic house. 

 
Comparing now the consumable goods impact to the environmental impact of the building 

process including maintenance (see Figure 7), it could be easily seen that by far the consumable 
goods takes the highest impact (6.5 times in case of metallic house and 4.7 times more in case of 
traditional house). These results are both considered for the entire life-time period of a house 
(50 years). 

In an analysis per impact category (see Figure 8) it could be seen that the difference arises 
due to the use of fossil fuels and not due to human health damage substances or eco-system 
quality. For all the impact categories excepting fossil fuels, the results are quite comparable for 
building process and consumable goods. 

In a direct conclusive comparison, by considering the building process and consumable 
goods, in Figure 9 it could be seen that a metallic house could represent a good alternative to the 
usual traditional Romanian house in terms of environment impact. Moreover, according to the 
analysis performed in the conditions described herein, the total global impact score for a life-
time period of 50 years is by 20% smaller in case of metallic structure. 
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Figure 7. Single score comparison of environmental impact for building process and consumable goods. 
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Figure 8. Comparison of environmental impact for building process and consumable goods per impact 
categories. 
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Figure 9. LCA comparison of environmental impact (single score) for metallic and traditional houses for 
building process and consumables. 
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5 CONCLUSIONS 

The present paper completes the LCA study presented in the previous paper on a house, by 
integrating the consumable goods during a standard life-time period of 50 years. The house is 
designed in two different solutions, by considering a masonry traditional solution and 
respectively the structure made by thin-walled cold-formed steel profiles. The consumable 
goods were estimated under the form of tap water, gas consumption (used for warming the 
water and heating) and electric power for domestic purposes including cooling. 

The results presented show very clear that the major impact on environment is not due to the 
building itself (including maintenance) but to the energy consumption during its use. 
Furthermore, impact category that takes the major impact is represented by the use of the fossil 
fuels. 

By the constructive system used for TWCF steel house, it proves to be an efficient alternative 
not only for the building process but also for the consumable goods used during the life-time. 
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