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Abstract:

Life cycle assessment (LCA) methodology aims at evaluating the environmental impacts of a product or
system from a holistic approach. In this methodology, all life cycle phases of the product are identified and assessed,
from the raw material acquisition to the end-of-life phase.

This master thesis is dealing with the LCA of a Norwegian bridge. First, a literature review is realized by
going through 14 bridge LCA references. Then, a detailed description of bridge LCA methodology is performed.
Finally, an LCA study is applied on Tverlandsbrua, a Norwegian bridge project, in order to assess the overall global
warming impact of the bridge life cycle.

The conclusions of the literature review are very different according to the goals and scopes of the studies.
Concrete and timber bridges are often more environmentally performing than steel or composite concrete-steel
bridges. Material production is generally the life cycle phase leading to most impacts, followed by the maintenance
& repair phase. Improvements in material design and use of recycled materials are important to bring down the
overall emissions.

The LCA methodology description has been through all elements specified in the 1SO standards. The
methodology has been adapted to the needs of the case study but the goal and scope definition has been kept wide
enough to allow comparisons with future bridge assessments. Input data (energy, material flows, etc.) are as much as
possible gathered from the client and subcontractors of the project, but sometimes assumed. Output data
(greenhouse gases emissions) are either directly collected from environmental reports or calculated by an LCA
software.

The overall global warming impact of Tverlandsbrua is 6665 kgCO,-eq per functional unit (FU), all life
cycle phases considered. The FU, i.e. the unit to which the emissions are referred, is defined as 1 square meter
effective bridge deck area through a lifetime of 100 years. When the operation phase (mainly consisting of traffic-
related emissions) is not considered, the emissions are brought down to 1358 kgCO,-eq per FU. Concrete, steel and
asphalt life cycles are identified as the main component contributors. Uncertainty and sensitivity analyses,
discussions and recommendations for further studies are performed in order to give clues for more environmentally
performing solutions.
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Preface

At a time when our civilization is at a level of technology and knowledge that has never
been reached before, tremendous issues are threatening the human being. According to the
Intergovernmental Panel of Climate Change, global greenhouse gases (GHG) emissions due
to human activities have grown since pre-industrial times, with an increase of 70% between
1970 and 2004. The atmospheric concentrations of CO5 and CHy in 2005 exceeded by far the
natural range over the last 650,000 years. [1]| This clearly shows that we contribute somehow to

environmental changes. Hence, it is our duty to change our behaviour before it is too late.

In such a context, the Norwegian Ministry of Transport and Communications realizes every 4
years a National Transport Plan considering measures to reduce climate change. In its latest
report, the Ministry states that new measures in the transport sector will result in a reduction
in emissions between 2.5 and 4.0 million tons CO, equivalents in relation to expected emissions
in 2020. [2| This task is partly entrusted to the Norwegian Public Roads Administration, Statens

veguesen, in order to reduce emissions from road transportation and infrastructures.

As a master exchange student in relation with the department of Civil and Transport Engineer-
ing of the Norwegian University of Science and Technology of Trondheim (NTNU), the purpose
of my Master Thesis is to assess the climate change (or global warming) impact of the life cycle
of a Norwegian road bridge, applying a robust methodology: life cycle assesment (LCA). This
work is realized in cooperation with Statens vegvesen and the contractors and subcontractors
of a Norwegian road bridge project. A comprehensive description of this methodology as well
as a large literature review of previous bridge life cycle assessment studies help me ensure the

reliability and accuracy of my results.

I would like to thank my NTNU supervisor Amund Bruland, the Norwegian Public Roads Ad-
ministration, Reinertsen AS and all the subcontractors related to this bridge project for their
precious help in this thesis. From Reinertsen AS, I especially thank Nina Oxas, Tom Kvalg,

Ole Grindhagen and @Qystein Wiggen for their patience and investment in my work.

Norwegian University of Science and Technology.
Trondheim, June 2012.

Thomas Dequidt.
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Abbreviations

AADT : Annual average daily traffic.

ADP : Abiotic depletion potential.

AoP : Area of protection.

AP : Acidification potential.

ASCE : American Society of Civil Engineers.
AUV : Underwater concrete.

BOF : Basic oxygen furnace.

CH, : Methane.

CO : Carbon monoxide.

CQO, : Carbon dioxide.

COs-eq : Carbon dioxide equivalent.

EAF : Electric arc furnace.

ECC : Engineered cementitious composites.
EOL : End-of-life.

EPD : Environmental performance declaration.
EVA : Ethylvinylacetate.

FRP : Fiber-reinforced polymer.

FU : Functional unit.

GHG : Greenhouse gas.

GJ : Gigajoules

GWP : Global warming potential.
GWP100 : Global warming potential, 100-year baseline.

HPC : High performance concrete.
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ICE : Institution of Civil Engineers.
IndEcol : Industrial Ecology.

IOA : Input-output analysis.

IPCC : Intergovernmental Panel on Climate Change.

ISO : International Organization for Standardization.

LCA : Life cycle assessment.
LCCA : Life cycle cost analysis.
LCI : Life cycle inventory.

LCIA : Life cycle impact assessment.

MEEDDM : Ministére de ’Ecologie, de I’Energie, du Developpement Durable et de la Mer.

NO, : Nitrogen oxides.

NPC : Normal performance concrete.

N,O : Dinitrogen monoxide or Nitrous oxide.
PC : Prestressed concrete.

PVC : Polyvinyl chloride.

SCM : Supplementary cementitious materials.
SLCA : Social life cycle assessment.

SO, : Sulfur dioxide.

TFS : Transoceanic freight ship.

tkm : Tonne-kilometre.

TNT : Trinitrotoluene.

TRI : Toxics release inventory.

UHPC : Ultra high performance concrete.
vkm : Vehicle-kilometre.

VOC : Volatile organic compounds.
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Chapter 1

Introduction

1.1 Definition and background

Life cycle assessment (LCA) is a methodology which aims at evaluating the environmental im-
pacts of a product or a system during its whole life. In order to do this, each phase of the
product life must be taken into consideration. For an industrial common product, these phases
are raw material acquisition, transportation, production, use, maintenance & repair and end-
of-life treatment (such as reuse, recycling, burning, landfilling, etc.). In a life cycle assessment
analysis, a product or system is evaluated throughout the identification of all input and output
flows that are responsible for the overall impact. Input flows can be material, water and energy
consumptions for example, and output flows can be identified as material waste, emissions into
the water and the air, etc. Once all those inventory flows have been identified and quantified,
the results can be interpreted. Interpretation of results can be used to compare two different
systems in order to choose the more environmentally performing, or to show which stage of a
product life is the most polluting in order to improve its overall environmental performance.

Figure 1.1 describes the global chart of life cycle assessment.

The LCA methodology has its origins in 1970’s. One of the earliest, if not the earliest, LCA
study performed was made for a major US soft drink producer in 1969. They wanted to
understand the environmental aspects of alternatives to the then prevailing glass bottle. In
this study the importance of having a holistic approach was demonstrated. In was understood
that it was not sufficient to only include production of glass and plastic. Other elements
in the life cycle were also needed to obtain a fair comparison of the two alternatives. This
study provided motivation for the soft drink producer to further explore the utility of plastic
bottles. [3]

Thomas Dequidt 1 Masther Thesis NTNU 2012



CHAPTER 1. INTRODUCTION
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Figure 1.1: Life cycle assessment : "From cradle to grave". [3]

Today, LCA is used to assess all types of products and product systems. The importance of
including the various life-cycle phases varies. For example, an assessment of a coal fired power
plant will generally find that the majority of the environmental load is associated with the op-
eration phase. The quite opposite will be the case for solar power. In that case, the production

phase will cause the majority of the impacts. 3]

The ISO 14040 standards are the first standards dealing with LCA methodology and were
introduced in 1997. The ISO 14040 standards are included in the ISO 14000 family dealing
with environmental management. ISO 14000 standards provide environmental management
guidelines, tools and methodologies for organizations, such as environmental management sys-
tems (ISO 14001 & 14004) or environmental performance evaluation (ISO 14031). ISO 14040
provides the general methodology and describes the principles for a life cycle assessment study
and for life cycle inventory (LCI). However, it does not describe a particular technique for the

individual phases of the study.

In 1997, the International Organization for Standardization published the first edition of the ISO
14040:1997. After that, the standards 14041:1998, 14042:2000 and 14043:2000 were published.
ISO 14041 describes the inventory phase, ISO 14042 the impact assessment phase and finally
the ISO 14043 provides guidance to make the interpretation of the whole life cycle assessment.
The subsequent second edition of the ISO 14040 (ISO 14040:2006, Life Cycle Assessment:
Principle and Framework [1]) and the ISO 14044:2006 (Life Cycle Assessment: Requirements

and Guidelines |5]) replace all of them, and are currently used.

The standards ISO 14047, ISO 14048, ISO 14049 that will complement the ISO standard
series 14040 are currently in process to be published. The standard ISO 14047 will contain
illustrative examples of how to apply the ISO 14042 (LCIA); in the same way, ISO 14049 will

Thomas Dequidt 2 Master Thesis NTNU 2012



CHAPTER 1. INTRODUCTION

provide examples to apply the ISO 14041 (LCI); finally, the ISO 14048 will involve the data

documentation format for developing an LCA.

The main important aspect of the ISO 14040 standards is that they divide LCA methodology
in four fundamental and complementary parts: goal and scope of the study, life cycle inventory

(LCI), life cycle impact assessment (LCIA) and interpretation, as shown in figure 1.2. ||

~—
Life Cycle Assessment Framework \"\
o R — —.

— s -
[ Goal and (

Scope 1
( Definition [
{

Inventory »
Analysis
-
Impact
Assessment

Interpretation

Y

Figure 1.2: The four parts of Life Cycle Assessment methodology. ||

1.2 Goal and scope of the study

The first stage of LCA is goal and scope definition. In this section shall be included the details
of the goal of the study, its hypotheses and its boundaries. This part is fundamental because
it drafts the global flowchart of the analysis and must hence be comprehensive and well-built.
The most important factor in this stage is to know precisely what are the decision makers
expectations so that the LCA analysis can be as accurate as possible. For example, one goal
of LCA may be to compare the environmental performances of two different products, services
or processes. Other studies, however, may aim at determining the stages of the life cycle that
contribute the most to certain impacts. Hence, different aims influence the way the analysis

should be performed. |7]

The goal and scope of an LCA analysis must provide the context in which the study is made,
including the system boundaries and the approximations that need to be taken. The model
and process layout are defined here. It must also provide a detailed description of the studied
product including the processes, materials or products needed and the units considered in the

model. Time scale and functional units also have to be established during this stage. [

The functional unit is the unit to which the entire system data will be referred to, both for
input and output flows. The reference unit also allows to make comparisons between different
LCA analyses. This unit can provide physical or functional criteria. A physical type of unit

may be the characteristics of the product studied, for example resist a certain carrying load.
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CHAPTER 1. INTRODUCTION

On the other hand, a functional type unit would provide information about the quantities of
material required to fulfill an objective, for example 50 years of product full service. The level of
precision of the functional unit depends on the aim of the study and its intended applications.
If the analysis is very specific, the functional unit should be very precise. On the other hand,
if the results are to be compared with other more general ones, the functional unit definition
should be vague enough to ensure the comparisons, especially if these results constitute a basis

for further studies.

The scope definition must include the data requirements and the assumptions that are going
to be made, mentioning the limitations of the study. The boundaries chosen in the study are
defined by the processes that are going to be included. Normally the analysis excludes stages,
processes or materials of product life that are not going to be significant or that cannot provide
sufficient accurate data. All these factors will condition the accuracy of the results and have to

be considered in the interpretation phase. ||

1.3 Life Cycle Inventory (LCI)

The second stage of LCA is the life cycle inventory (LCI). In this stage, the life cycle inventories
are made by quantifying the different material and energy flows included during the lifetime of
a product or system. This is the most complex and comprehensive phase of an LCA analysis.
In order to identify and quantify these inventory flows, each main process of the product or
system should be subdivided as much as possible in order to obtain unit processes, hence
defining unit inventory flows, considering the system boundaries established in the goal and
scope definition stage. Once again, the importance of a clear and well-built goal and scope

definition is crucial [4].

There are different approaches to calculate a life cycle inventory and to estimate the contribution
of each material or process to the impacts on the environment. There are different theories, for
instance, in considering the contribution of recycled or reused materials as a negative factor, in

order to show that they are decreasing the environmental impacts of the product.

There are many databases where the data required to calculate the output flows can be found.
These databases include data for specific processes, technologies and materials. It is important
to choose an accurate source of data to build the LCI, because it will influence the quality of
the results. Some companies make their own inventory databases and have their own values or
parameters. These values may change due to variations in measurements, types of materials

involved, etc.

Finally, it is also possible to gather data directly from site investigations, in factories or plants
for example. This source of data can provide very precise and accurate information, but one
must bear in mind that it is often very difficult to obtain it, mainly because this type of

information is usually kept private.
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CHAPTER 1. INTRODUCTION

1.4 Life Cycle Impact Assessment (LCIA)

The impact assessment is the third stage of LCA. During this phase, the potential environmental
impacts are estimated and classified, characterized, normalized and weighted in order to be

interpreted for the next and final stage of the LCA analysis. [/]

The results obtained in the previous LCI phase are analyzed by calculating the contributions of
each sub-process to the impact categories stated in the goal and scope definition. The output
data are first aggregated by impact category, and these impact categories can be aggregated
as well in order to obtain a single environmental value for the entire product analyzed. The
methodology used in the impact assessment phase of an LCA is not well defined yet in the
standards, and there are many different ways available to carry it out. To perform an LCIA,
several impact categories exist and there are as well many methodologies available to aggregate
those impact categories. The choice of these parameters depends on which impacts are included
in the study, and this is generally specified by the decision makers. Nevertheless, the global

methodology is quite similar for all these elements and not all of them are mandatory.

According to the latest ISO 14040:2006 || and ISO 14044:2006 |5] standards, an LCIA should
include the selection of impact categories, category indicators and characterization models,
classification as well as characterization. Other elements such as normalization, grouping and
weighting are not mandatory. A more detailed explanation of each element will be performed

later in this report.

1.5 Interpretation phase

In the interpretation phase, all the results obtained from the inventory and impact assessment
phases of the LCA are compiled and evaluated in order to get a final conclusion. In this phase,
the significant aspects of the life cycle can be identified and the alternatives are evaluated or
some activities can be adjusted if required. It is all part of an iterative procedure that leads to

achieve the goal of the study and make improvements in the LCA study. ||

The interpretation must be consistent with the goal and scope definition, and reflects the main
purposes of the study. Data quality and source must be verified so that the accuracy of the
results and reliability of the study can be ensured, bearing in mind the boundaries, uncer-
tainties and limitations of the study. The final conclusions must be consistent with all the
previous phases and consider the subjectivity implied in the elections made in the middle steps
of the LCA. The interpretation phase may also include recommendations for future analyses
or researches. Other complementary analyses might be used, such as sensitivity analysis, un-
certainty analysis, variation analysis, contribution analysis, dominance analysis or comparative
analysis; but are not mandatory. || Finally, other tools can be useful to help in the decision-

making process, and many other aspects aside from the environmental issues can be included
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CHAPTER 1. INTRODUCTION

in the interpretation. For example, the consideration of cultural, social or economic aspects

could be important as well.

This presentation of the theoretical LCA framework aimed at familiarizing the reader with
common LCA vocabulary and global methodology. Each stage of the LCA analysis will be
further detailed in this report, adapting the LCA requirements to a Norwegian bridge project
owned by the National Public Roads Administration (Statens vegvesen).
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Chapter 2

Previous researches

As a basis for a comparison with the case study results, a literature review of previous bridge
LCA analyses has been performed. 14 references are hence presented in this section, dating
from 1998 to 2011. The first part consists in a description of the different studies performed.
In a second part, the main findings are gathered in order to draw a preliminary list of elements
that are important to focus on when performing an LCA analysis. A comparison between the
different studies regarding the major environmental burdens, that are carbon emissions and

energy use, is also performed.

2.1 Literature review

C. Zhang et al. in 2011. [9]

Environmental Evaluation of FRP in UK Highway Bridge Deck Replacement Ap-
plications Based on a Comparative LCA Study is taken from the journal Advanced
Materials Research. An LCA analysis is performed to compare the environmental impacts of
two bridge deck replacement alternatives: a fiber-reinforced polymer (FRP) deck and a con-
ventional prestressed concrete deck. The impacts are evaluated in terms of carbon emissions.
Initial demolition, construction and future maintenance are assessed. Construction equipment
use, end-of-life demolition and materials recovery are not considered. Three sources of carbon
emission are considered: embodied carbon of materials, transportation and traffic disruption.

The life cycle design is 120 years.

It is found that for the whole service life, the prestressed concrete option is more environmentally
friendly than the FRP one, even if emissions due to FRP are smaller at initial construction.
During maintenance, FRP decks are less advantageous due to higher embodied carbon in the
surfacing material. The demolition phase contributes in very small proportions. The impact

of non-structural elements (surfacing, water-proofing and bearing replacement) is found quite
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important. The importance of local material sources and disposal sites to minimize impacts
from transportation is also highlighted. Improvements in the manufacturing of FRP concrete

could lead to less impacts in the future.

J. Hammervold et al. in 2011. [10]

Environmental Life-Cycle Assessment of Bridges is taken from the Journal of Bridge
Engineering and published by the ASCE Association. This report presents a detailed compar-
ative environmental life cycle assessment (LCA) case study of three bridges built in Norway.
In order to encompass a wide scale of bridge designs, the analysis dealt with a steel box girder
bridge, a concrete box girder bridge and a wooden arch bridge. The material production,
transportation, construction, operation (excluding traffic disruption), maintenance, repair and
end-of-life phases are included. 6 impact categories are considered, as well as normalization

and weighting.

The study shows that the production of materials for the main load carrying systems (i.e. the
bridge superstructure) and the abutments account for the main share of the environmental im-
pacts as these parts require large quantities of materials. The three main impact categories are
global warming potential (GWP), abiotic depletion potential (ADP) and acidification potential
(AP). A comparison of the three bridges shows that the concrete bridge alternative performs
best environmentally on the whole, but when it comes to global warming, the wooden bridge
is better than the other two.

L. G. San Martin in 2011. [3]

LCA of a Spanish railway bridge is a Master Thesis realized by a KTH student (Stockholm,
Sweden), dealing with the Life Cycle Assessment of a steel arch railway bridge with prestressed
concrete decking. All stages are taken into account: material stage (raw material extraction,
production and distribution), construction (including diesel, electricity and water), use and
maintenance (repair and replacing) and the end of life. In the end of life scenario, 70% of
concrete and 90% of steel are recycled and the wood is land-filled. 6 impact categories are

considered, as well as normalization and weighting.

The results show that the main contributor to the environmental impacts is the material pro-
duction phase, accounting for 64% of the total results. Concrete and steel production share the
biggest part of the overall impacts, followed by timber production. These processes account for
great amounts of COy emissions. The main contributing elements are the temporal structure,

the substructure and the superstructure, decreasingly.
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Z. Lounis et al. in 2010. [11]

Towards sustainable design of highway bridges, published by the National Research
Council of Canada, uses LCA methodology to compare two bridge deck designs: a high per-
formance concrete (HPC) bridge deck and a conventional concrete bridge deck. This paper
discusses some performance indicators, such as safety, serviceability, costs, traffic disruption,
greenhouse gas emissions, which can be used for life cycle design of highway bridges. Environ-
mental impacts, in terms of greenhouse gas emissions and waste production are estimated for
all activities occurring during the life cycle of both concrete deck alternatives. The three major
elements that illustrate the differences between the two alternatives are cement production,
additional transportation needed for the SCMs included in the HPC mix and COs emitted
by cars/trucks delayed by the maintenance, repair and replacement activities. Economic and

social impacts are also evaluated, but will not be discussed here.

It is found that additional transportation and differences between emissions due to traffic
disruption are not very significant, but cement production shows striking differences. The
CO; emissions due to cement production are almost three times less important for HPC than
for a conventional concrete. Furthermore, the shorter service life of the normal concrete deck,
which leads to an increase in traffic disruption due to earlier replacement, also contributes to
the higher CO5 emissions of the NPC deck.

Bouhaya et al. in 2009. [12]

Simplified environmental study on innovative bridge structure is taken from the journal
Environmental Science € Technology. 3 scenarios of a composite wood-ultra high performance
concrete (UHPC) bridge are studied regarding energy use and GHG emissions. Those 3 scenar-
ios differ according to the end-of-life scenarios of the wooden girders. The first one is landfilling,
the second one is burning and the third one is reuse of the wood. Material production, trans-
portation, construction, maintenance and end-of-life phases are included. The functional unit

considered is a 25 m span bridge deck.

Calculations show that the main part of the energy comes from the material. Thanks to the
CO; uptakes of the wood during its lifetime, the overall GHG emissions are negative for the
scenarios with land filling and reuse of wood. However, the consumption of primary energy is

lower for the scenario in which wood is burned instead of natural gas.

Gervéasio and da Silva in 2008. [13]

Comparative life-cycle analysis of steel-concrete composite bridges is taken from the
journal Structure and Infrastructure Engineering, published by Taylor & Francis. A prestressed

concrete girder bridge and a steel-concrete composite I-girder bridge are compared. Both Life
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Cycle Assessment (LCA) and Life Cycle Cost Analysis (LCCA) methods are applied, repre-
senting an integrated methodology for a life-cycle and sustainability analysis. In the LCA,
only different grades of steel and concrete inputs to the bridge and the construction phase are

included (due to lack of data). 3 types of concrete mixes are assessed.

For total environmental performance the composite bridge is found the best alternative, after
normalization and weighting of the results. However, when looking at Global Warming only,
both bridges have roughly the same overall performance. The results of the Life Cycle Cost

Analysis are not discussed here.

Collings in 2006. [14]

An environmental comparison of bridge forms is taken from the journal Bridge Engi-
neering. Two studies are presented. One (the initial study) is about three alternative bridge
designs related to the same site (a major creek crossing in the Middle East), the second (the
primary study) is about three alternative bridge forms crossing a river in the UK (river width
approximate 120 m). The initial study comprises a concrete cantilever bridge, a concrete cable
stay bridge and a steel arch bridge. CO, emissions are found highest for the steel bridge. Paint,
waterproofing and plastics are important in spite of small amounts. The primary study consid-
ers three basic forms with three material choices for each alternative. This gives 9 alternatives
in total; girder, arch and cable stayed bridges using steel, concrete or steel-concrete composite

design material.

The results show that concrete bridges have lower embodied energy and COs emissions. More-
over, the differences between steel and concrete bridges appeared insignificant for small struc-
tures (20 m). It is also found that a well-engineered longer span (120 m) bridge utilizing local
materials, recycled steel and cement produced by the dry process (plus some cement replace-
ment) can be almost as environmental friendly as a shorter-span (20 m) structure in which no
consideration has been given to environmental issues. More architectural solutions, like leaning
or distortion of elements, have larger environmental impact as they require more material and

more complex construction (arch and cable stay bridges versus girder bridges).

Report from the MEEDDM in 2006. [15] (French reference)

Analyse du Cycle de Vie d’un pont en béton is a French report entitled Life Cycle
Assessment of a concrete bridge, example of application on a common bridge in English. This
handbook gives general guidelines to assess the environmental impacts of a bridge project. It
is to be applied for prestressed concrete structures. The analysis covers the evaluation of the
deck, piers and foundations, as well as the superstructure equipment. The functional unit
is defined as a prestressed concrete bridge used as a highway infrastructure for a life time

of 100 years. The impacts from traffic are not assessed. The loads were designed according
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to French recommendations (not Eurocodes). The study includes: raw material acquisition,
transportation, fabrication of components, construction, maintenance and repair and recycling
of the material after end of life. The material used for the site preparation and installation is
also included in the analysis. 9 environmental impacts are assessed, including global warming

and energy use.

The results show that the material fabrication stage accounts for the most important part of the
emissions: for 6 impacts indicators, it represents between 31 and 59% of the total emissions. The

surveillance, maintenance and repair stage represents the second most important field.

K. Steele et al. in 2005. [16]

Environmental sustainability for bridge management is taken from the journal Bridge
Management 5 and published by Thomas Telford Limited. An LCA analysis is performed
to compare the environmental impacts of three bridge designs: a steel through deck, a rein-
forced concrete beam bridge and a brick arch structure. These three bridges all had similar
service functionality: a span of approximately ten meters, a 40 ton design load capacity, a
120-year design life and a single lane carriage way capacity. The impacts are given in Ecopoint

indicators.

It was determined that up to the point of bridge completion, the two beam structures had a
lower environmental impact than the arch bridge. The single biggest cause of environmental
impact during a bridge life cycle can be attributed to construction. Design efficiency is im-
portant and careful use of materials is critical to realize a low impact solution. Consideration
of structure service life and construction of an adaptable bridge will minimize life cycle im-
pact. Movement of materials to and from the construction site is identified as important as
is minimization of construction waste. For existing bridge infrastructure, it is generally envi-
ronmentally better to maintain, refurbish, or strengthen the structure rather than demolish it
and rebuild again. Finally, the environmental burden of traffic disruption and vehicle diver-
sions can make significant contribution to the overall environmental impact of bridge works

activity.

Keoleian, Kendall et al. in 2005. [17]

Life cycle modeling of concrete bridge design: Comparison of engineered cementi-
tious composite link slabs and conventional steel expansion joints is taken from the
Journal of Infrastructure system, published by the ASCE association. Two types of deck sys-
tems are compared; a steel-reinforced concrete deck with conventional steel expansion joints and
a steel-reinforced concrete deck with a link slab design using a concrete alternative; engineered

cementitious composites (ECC). The study includes material production, construction, use and
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end-of-life management related to the bridge decks. Three reconstruction options are consid-
ered; bridge deck replacement, deck resurfacing and repair and maintenance (mainly fixing of

cracks and potholes) including the traffic disruption due to these activities.

The analysis shows that the ECC deck yields significantly lower environmental impacts, for
all pollutants (because of less need for maintenance). Traffic disruption due to construction
and repair is significant for the environmental performance for both decks. It is also found
that predicting maintenance and repair schedules for each system is critical in evaluating the

performance of alternative materials.

Martin in 2004. [18]

Concrete bridges in sustainable development is taken from Proceedings of the ICE. Two
comparisons of bridge deck designs are performed in this study using LCA methodology. The
decks are evaluated regarding energy use and greenhouse gases emissions, and the whole life
cycle of the construction materials was considered, from raw material extraction to demolition
and recycling. The first one compares a steel-concrete composite deck and a concrete deck
(including girders). In the second study, three types of concrete for bridge decks are compared

. lightweight, normal density and high-strength concrete (including girders).

In this first study, the concrete alternative gives lower embodied energy and GHG emissions
(given as COg-equivalents) when considering new materials, but the composite solution gives
lower GHG emissions when recycled materials are used. In the second one, no significant
difference in energy consumption is found for the three alternatives. However, the high-strength

concrete is supposed to have longer durability, and might thus be the preferred alternative.

Y. Itoh et al. in 2003. [19]

Using CO, emission quantities in bridge life cycle analysis is taken from the journal
Engineering Structures and published by Elsevier. A modified life cycle methodology is used to
evaluate and compare two types of steel bridges; a conventional and a minimized girder bridge.
The conventional bridge has 7 longitudinal girders and the minimized girder bridge has only 3,
and thus requires less steel. A prestressed concrete deck is required for the minimized girder, as
this shall contribute to structural rigidity. The bridges are compared regarding CO, emissions

and costs. The life cycle stages included are construction, use and replacement.

The results show that the minimized girder bridge gives both lower CO, emissions and costs in
total, and also when looking at maintenance only the emissions are the lowest for the minimized
girder bridge, mainly because the prestressed concrete deck requires far less maintenance than

the reinforced concrete deck.
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A. Horvath et al. in 1998. [20]

Steel versus Steel-Reinforced Concrete Bridges: Environmental Assessment, taken
from the Journal of Infrastructure Systems and published by the ASCE association, presents
an environmental assessment on two bridge alternatives; steel and steel-reinforced concrete
bridges. In this study, a combination of LCA and economic input-output analysis is applied.
This method is predicated on the fact that in a modern economy every sector contributes,
directly or indirectly, to every other sector. Economic input-output analysis explicitly accounts
for all of the direct and indirect inputs to produce a product or service by using the input-
output matrices of a national economy. For example, cement production and electricity are
direct inputs of concrete production, but many agricultural and service sectors are indirect,
or second, third, etc., tier suppliers [$]. This makes the system border very wide as input-
output includes all upstream activities in the system (all economic sectors). Three groups of
environmental impacts are quantified in this study; TRI chemical emissions, hazardous waste
generation and conventional air pollutants emissions. Material inputs for the two bridges,
including all upstream activities for the production of these are included. For the use phase,

only repainting of the steel structure is included.

The concrete design has lower overall environmental effects. Environmental effects through
the lifetime of the bridge can be highly important, as SO, NO,, CH; and VOC emissions
are significantly higher for paint manufacturing than for the production of all girders for the
example bridge. It is stressed that if more environmental effects were included, or if there were
other designs, the results might have been different. It is also pointed out that bridges are often
demolished due to obsolescence rather than reaching their end of service life. Here is suggested
an argument to choose materials with the lowest environmental impact rather than the highest

durability, as durability becomes irrelevant.

J. Widman in 1998. [21]

Environmental Impact Assessment of Steel Bridges, taken from the Journal of Con-
structional Steel Research published by Elsevier, deals with an LCA analysis performed on two
types of bridges: a steel box girder bridge and a steel I-girder bridge with concrete decking.
The inventory includes all state-of-the-art data available (at the time) on the products and
processes. The studied unit is environmental impact (as kg air emission) per square meter

lane.

The concrete in steel bridges contributes to almost 50% out of the environmental impact and the
fact that steel bridges need less material than concrete bridges, shows that steel bridges are good
environmental choices. The emissions CO,, NO,, SO, and CO correspond to more than 95%
in weight out of the total airborne emissions. As environmental effects from the maintenance

part are very small, it is not important to increase the longevity by using a lot of corrosion
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protective substances or extra amounts of material to prevent material deterioration.

2.2 Main findings

2.2.1 Preliminary results

This literature review gathered different approaches of bridge environmental assessment. Some
references focused on the comparison of the life cycle environmental performance of several
bridges, others simply gave recommendations regarding environmental - or even sustainable
- issues related to bridge projects, and others did both. Even if different assumptions were
made by the authors, some common recommendations and results can be found. Here is a

(non-exhaustive) list of the main issues discussed in the articles:

Goal of the study

Among all the references, 12 perform an LCA analysis in order to compare the environmental
impacts of different bridge designs and 2 realize a comprehensive general analysis of bridge
LCA with a case study. This shows that LCA methodology is often used as a comparative tool
in order to choose the best environmental solution, but it can also be performed in order to
assess the overall environmental performance of one type of bridge, which is for example the

intended goal of this thesis.

Types of bridges

45 bridges are assessed within the 14 references selected, including 22 concrete, 13 steel (includ-
ing steel-concrete non-composite), 5 steel-concrete composite, 4 wood and 1 brick bridges. This
shows that concrete bridges are predominant in bridge life cycle assessment and that concrete

and steel represent the two principal materials used in bridge design, compared to wood or
brick.

Functional unit

Only 5 authors clearly define their functional unit. Most of the time, the results are given
considering the overall impact of the bridge or some of its elements, according to the goal and
scope definition of the study. This choice of functional unit makes difficult the possibility of
having comparisons between the results of different studies, as bridge geometry or selection

of the elements assessed differ, for example. However, one reference 10| defined its functional
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unit as “1 square meter effective bridge surface area” (i.e. approximately the upper deck surface
area), which can be a good functional unit to compare analyses dealing with different bridge

geometries.

Life cycle phases considered

Due to limitations in data availability and accuracy, some authors do not include all life cycle
stages in their analysis. Material production, transportation, construction and maintenance
phases are always taken into consideration. 6 references consider end-of-life treatment. Traffic
disruption due to maintenance activities is evaluated in 2 studies, but regular traffic is never con-
sidered. The assumptions regarding which processes are included or not in the life cycle phases
differ a lot according to the references. However, a majority of the studies consider the impacts
from main material processes (concrete, steel or wood production, as well as the construction
and maintenance activities related) including the amount of energy required, transportation to

the site, assembly at site as well as repair, maintenance and replacement activities.

Design service life

8 references consider a design service life of 100 years or more (120 years for 4 references), which
is the average design service life in bridge management. The other studies do not consider the
entire bridge (e.g. only a bridge deck replacement) and hence use a shortened design service
life.

Emissions and impact categories considered

5 references consider more than 6 impact categories in their studies, usually accompanied with
weighting and normalization of the results. 8 references use global warming potential in their
studies while the others just consider COy emissions or discarded air pollutants. Energy use
is explicitly calculated in 6 references. This is not an impact category as defined in LCA ISO
standards, but it gives representative information about the environmental performance of a

bridge project.

Life cycle phases contributing to major environmental impacts

For all references, material production (sometimes included in the construction phase of the
bridge) is the biggest contributor. The second most contributing phase is either maintenance
and repair (3 references) or traffic disruption due to construction or maintenance and repair

activities (2 references).
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Bridge components contributing to major environmental impacts

Most of the time, only the bridge superstructure (and more precisely its structural elements) is
considered in the analyses. Among the 2 references considering a complete bridge assessment,
only one finds out that temporal form work and bridge substructure lead to more environ-
mental impacts than the bridge superstructure. Most often, as the structural elements of the
superstructure contain the most important part of total material use, and as material phase is
related to the biggest share of the environmental impacts, only bridge decks and their support-

ing features (girders, arches, cables, etc.) are considered.

Best environmental choice in comparative studies

Among the 12 comparative studies of the literature review, 3 references highlight innovative
bridge deck design (ECC link slabs, HPC concrete, minimized number of girders) over conven-
tional bridge deck design. Regarding the studies assessing different material choices, concrete
is often the best environmental solution regarding the overall impact (5 references). However,
for greenhouse gases (GHG) emissions; steel, composite or wooden alternatives are sometimes

preferred (3 references), especially if recycled material are used (1 reference).

Other recommendations

A few similar recommendations are given by the authors, mainly considering material and
design quality, but also LCA recommendations for further studies. It is often stated that
use of recycled or sustainable material is strongly recommended as it can lower efficiently
burdens from material phase, as well as use of renewable energy. For LCA practitioners, it
is important to consider transportation distances and traffic disruption during construction or
maintenance, as they can represent an important share of the environmental impacts. Hence,
as this is directly related to bridge owners, designers and contractors, local material source
is important to minimize transportation related emissions, so are maintenance schedules in
order to limit traffic disruption related emissions as much as possible. 2 references considering
timber bridges insist on the positive impact of CO, uptakes during wood life cycle. Another
one indicates that more architectural solutions (cable-stayed bridges, for example) often lead
to more environmental impacts, as they require more material and construction features to be

realized.
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2.2.2 Carbon emissions and energy consumption

In this section, the main results regarding carbon emissions (in terms of kgCOs or kgCOq-eq
emissions) and energy consumption (in GJ) are presented. Within the 14 references selected,
33 and 28 out of the 45 bridge case studies show the total amounts of carbon emissions and
energy use, respectively. The other studies simply show the shares of carbon emissions and
energy use within the different life cycle phases. As stated earlier, energy use is not an impact
category as indicated in the ISO standards, but this category gives a representative idea of the

environmental performance of a bridge project.

As a recurrent choice in the literature, the reference unit selected to allow comparison of the
results is "1 square meter effective bridge deck area through a lifetime of 100 years". The case
studies are sorted according to the material design choice (concrete, steel, composite concrete-
steel or wood) in order to identify the importance of this parameter in bridge design, as often
stated by the authors in the literature review. Average values are also calculated, first by mixing
all design materials and then by taking them individually. However, two references, Bouyaha
et al. (2009) [12] and Gervasio et al. (2008) [13], covering 5 case studies, are not included in the

average values as their scopes and assumptions differ a lot from those of the other studies.

As the references chosen cover a very wide range of bridge and material designs, scopes, invento-
ries and assumptions, the purpose of this section is not to realize a comprehensive comparison of
the results, but to give an average estimation of the carbon emissions and energy consumption
related to typical bridge designs. Hence, no investigations have been realized about correlations
between the functional unit (effective deck area), carbon emissions and energy use, since this
would not have been accurate. The results of this work shall not be directly used to draw strict

conclusions about carbon emissions and energy use of bridges.

All bridges

When combining all results regardless material design choice and excluding Bouyaha et al.
(2009) [12] and Gervasio et al. (2008) [13], the average values for carbon emissions and energy
consumption are 1830 kgCO, and 23.1 GJ per functional unit (FU), respectively. As the results
for carbon emissions mix CO, emissions and global warming, the calculated average value is
slightly overestimated, as global warming takes into account other emissions, such as methane
or nitrous oxide. A sensitivity analysis should be performed to evaluate the importance of this
mix-up regarding the accuracy of the results, however this will not be done here due to the
absence of data for these other emissions. The carbon emission and energy consumption values
range from 107 to 3720 kgCO4 and from 4.65 to 51.6 GJ per FU, respectively. The bridge deck

area varies from 144 to 3400 m?, with an average value of 2495 m?.

Thomas Dequidt 17 Master Thesis NTNU 2012



CHAPTER 2. PREVIOUS RESEARCHES

Concrete bridges

20 case studies deal with concrete bridges which makes concrete the most common material in

bridge construction, in the framework of this literature review.

Table 2.1 displays carbon emission and energy consumption values for each case as well as av-
erage values for concrete bridges. As a first conclusion, we can state that in average and in the
scope of this review, concrete bridges are more environmentally efficient, both regarding carbon
emissions (1590 kgCO, per FU) and energy consumption (20.5 GJ per FU). One reason is that
a lot of improvements are regularly achieved in concrete design regarding its environmental ef-
fectiveness. Fiber reinforced concrete (FRC), high performance concrete (HPC) and engineered
cementitious composite (ECC) concrete for link slabs are examples of more durable concretes,

even if FRC still needs improvements in its production to be environmentally competitive.

HPC material is the best concrete option for carbon emissions (133 kgCO, per FU) and a pre-
stressed concrete simple box girder bridge scores the lowest energy consumption value for any
material design (4.65 GJ per FU). The worst concrete option for both carbon emissions and en-
ergy consumption scores 3390 kgCOs-eq per FU and 48.8 GJ per FU, respectively, and consists
in a conventional reinforced concrete deck with steel expansion joints. A concrete arch bridge
scores the second worst environmental burdens for both categories. Gervasio et al.(2008) [13]
gives significantly lower values for both categories, as only concrete and steel production are

included in the calculations of carbon emissions and energy use, respectively.

Concrete bridges

) Energy
Effective Carbon
Type of L. . consump- .
Reference . deck area | emissions Unit ) Unit
bridge (m?) ( FU) tion (per
m er
P FU)
Zh t | FRP brid
ans € Hase 144 2670 keCO, ] ;
al., 2011 deck
Zh t | Prest d
ang e restresse 144 9380 kgCO, ) )
al., 2011 deck
Box girder
Hammervold
(whole 417 600 kgCOs-eq - -
et al. 2011 )
bridge)
Lounis et
HPC deck 597 133 kgCO, - -
al., 2010
Lounis et Reinforced
597 378 kgCO, - -
al., 2010 deck
Continue on next page
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Continued from previous page

. Energy
Effective Carbon
Type of L . consump- .
Reference . deck area | emissions Unit . Unit
bridge (m?) ( FU) tion (per
m er
P FU)
Collings, | Cantilevered
. 4300 1500 kgCO, 18 GJ
2006 viaduct
Collings, Cable-st
OUINES apiemstay 4300 1420 keCO, 18.4 QJ
2006 viaduct
Collings, Gird
OTIES aer 4300 2050 kgCO, 25.5 GJ
2006 bridge
Collings, .
Arch bridge 4300 3340 kgCOq 40.9 GJ
2006
Collings, Cable-sta
s sy 4300 3110 keCO, 36.6 GJ
2006 bridge
Prestressed
MEEDDM, bridge
495 1370 kgCOs-eq 13.2 GJ
2006 (whole
bridge)
Reinforced
Keolei deck with
T 2560 3300% | kgCOseq |  48.8% GJ
et al., 2005 | steel exp.
joints
Reinforced
Keoleian deck with
. 2560%* 2280* kgCOs-eq 29.3* GJ
et al., 2005 | ECC link
slab
Marti Prest d
S I 330% 621% | keCOyeq |  5.24% GJ
2004 bridge
Post-
tensioned
. box girder
Martin, .
bridge, 3200%* - - 14.5* GJ
2004 . )
lightweight
concrete
(B45)
Continue on next page
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Continued from previous page
E
Effective Carbon nerey
Type of L . consump- .
Reference . deck area | emissions Unit . Unit
bridge (m?) ( FU) tion (per
m er
P FU)
Post-
tensioned
. box girder
Martin, .
bridge, 3200* - - 13.7* GJ
2004
normal
concrete
(B65)
Post-
tensioned
box girder
Marti brid
AT, rese 3200%* i i 13.3* QJ
2004 high-
strength
concrete
(B85)
Prestressed
simple pre-
Itoh et al.,
OB EL AL ensioned 29250 120 keCO, 4.7 GJ
2003 .
T-girder
bridge
Prestressed
Itoh et al., | simple box
) 2250% 107 kgCOq 4.65% GJ
2003 girder
bridge
Gervasio Prest q
restresse
et al., ) 10862 53. 2%k kgCO, 0.912%%* GJ
box girder
2008%**
Average - 2287* 1590* kgCO, 20.5%* GJ

* Estimated values.

** Not included in the average values.

4% Only concrete production is assessed for carbon emissions and steel for energy use.

Table 2.1: Concrete bridges
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Steel bridges

7 case studies deal with steel bridges. Table 2.2 displays carbon emission and energy con-
sumption values for each case as well as average values. The average values show that steel
bridges contributes to significantly higher carbon emissions (2180 kg CO5 per FU) and energy
consumption (31.0 GJ per FU) than concrete bridges. Furthermore, the worst values amongst
all bridges are scored by two steel arch bridges; a steel arch with prestessed concrete deck con-
tributing the most to global warming (3720 kgCOs-eq per FU), and another steel arch bridge
holding the most important energy consumption value (51.6 GJ per FU).

These values show, in the scope of this review, that steel bridges are much less environmental
effective than concrete bridges, mainly because steel requires much more energy for its produc-
tion than concrete and hence emits more carbon emissions. Furthermore, less improvements
have been achieved to reduce environmental burdens related to steel production, compared to

concrete, whose design improvement already showed its environmental effectiveness.

Steel bridges
E
Effective Carbon nerey
Type of .. . consump- .
Reference . deck area | emissions Unit . Unit
bridge (m?) ( FU) tion (per
m er
P FU)
Hammervold Box 391 00 ke CO
et al., 2011 | girder** sVl ) -
S
M a:' Arch with 672 3720 | kgCO
I PO dedks e ] ]
2011
Collings, Arch
OTIES e 4300 1430 ke CO, 19.6 GJ
2006 viaduct
Colli Gird
OTIES, et 4300 2340 kgCO, 32.8 GJ
2006 bridge
Collings, Arch
OTmes e 4300 3610 keCO, 51.6 aJ
2006 bridge
Collings, Cable st
CTINES, | AR SR 4300 3190 keCO, 42.2 GJ
2006 bridge
Itoh et al., | Box girder
‘ 2250* 200* kgCOq 8.98%* GJ
2003 bridge
Average - 2920%* 2180* kgCO, 31* GJ
* Estimated values.
** Whole bridge.

Table 2.2: Steel bridges
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Steel-concrete composite bridges

5 case studies deal with steel-concrete composite bridges. Table 2.3 displays carbon emission

and energy consumption values for each case as well as average values. The average values for

carbon emissions (2490 kgCO4 per FU) and energy consumption (32.5 GJ per FU) are slightly

higher than for steel bridges. We can notice that the steel-concrete composite arch bridge scores
the highest carbon emission (3720 kgCO, per FU) and energy consumption (50.7 GJ per FU)

values, as it was the case for concrete and steel arch bridges.

Steel-concrete composite bridges
E
Effective Carbon nerey
Type of L. ) consump- .
Reference . deck area | emissions Unit . Unit
bridge (m?) ( FU) tion (per
m er
P FU)
Collings, Gird
OTIES et 4300 2290 kgCO, 30.8 GJ
2006 bridge
. Composite
Collings,
2006 arch 4300 3720 kgCO, 50.7 GJ
bridge
Collings, Cable sta
8 S 4300 3190 kgCO, 39.8 GJ
2006 bridge
Martin, Gird
. e 330* 752 | kgCOseq |  8.59% GJ
2004 bridge
Gervasio Lird
-girder
ot al., &l 10862 95 Q¥ H keCO, 1.42%%% GJ
bridge
2008%**
Average - 3308* 2490* kgCO, 32.5% GJ
* Estimated values.
** Not included in the average values.
4% Only concrete production is assessed for carbon emissions and steel for energy use.

Table 2.3: Steel-concrete composite bridges
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Timber bridges

4 case studies deal with timber bridges. However, Bouyaha et al.(2009) 12| and Hammervold et
al.(2011) [10] have different assumptions regarding wood in its material production phase. The
former includes the carbon dioxide uptakes of wood during its lifetime and the latter simply
considers wood as carbon-neutral. Hence, in the former study, the overall life cycle carbon
emissions are negative whereas in the latter one, the carbon emissions are positive. These two
scopes are too different to enable relevant comparisons and calculations of average values for

timber bridges.

Nevertheless, table 2.4 indicates low carbon emission and energy consumption values, all case
studies considered (550 kgCOy per FU and 11.3 GJ in the worst case, respectively). The end-
of-life treatment of timber leads to very different results, as wood combustion creates more
carbon emissions but saves energy, and vice-versa for wood landfilling /recycling. In any case,
timber seems to be an interesting material for bridges thanks to its environmental properties.
However, the deck areas taken from the case studies are relatively low, so we cannot conclude

about the suitability of timber for bigger structures.

Timber bridges

. Energy
Effective Carbon
Type of L. . consump- .
Reference . deck area | emissions Unit . Unit
bridge (m?) ( FU) tion (per
m er
P FU)
Arch
Hammervold
(whole 229 550 kgCOq-eq - -
et al. 2011 _
bridge)
UHPC
Bouyaha decking
250 -6.72 kgCO, 11.3 GJ
et al., 2009 (wood
landfilling)
UHPC
B b decking
ouyaha
Y (wood 250 101 keCO, 7.44 QJ
et al., 2009
combus-
tion)
UHPC
B h decki
ctyahia cerIns 250 -71.9 keCO, 11.3 GJ
et al., 2009 (wood
recycling)

Table 2.4: Timber bridges
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2.3 Conclusions

This literature review considered a wide range of studies with very different scopes. Generally,
material production is pointed out as the most polluting life cycle phase, followed by main-
tenance. Transportation distances and traffic disruption may also be important factors to be
considered. By sorting the different bridge case studies according to their main design mate-
rial, we could see that timber and concrete offer relative environmentally performing solutions,
compared to steel and steel-concrete composite alternatives. Carbon emissions and energy use
values confirm the importance of material design improvement (especially for concrete and
steel, as they represent the two most wide-spread materials in bridges). More architectural
bridges (arch, cable-stay, etc.) are also likely to increase environmental impacts due to more
complex construction methods and design materials. However, no general conclusions can be
drawn about the overall impact of the bridges during their lifetime, as important differences in

scopes and assumptions were considered.
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Chapter 3
Bridge Life Cycle Assessment

This chapter deals with a comprehensive methodology description of bridge life cycle assess-
ment. All four major phases (goal and scope definition, life cycle inventory (LCI), life cycle
impact assessment (LCIA) and interpretation of results) are described in detail according to
ISO standards and previous bridge LCA references. This section applies the recommendations
from the standards to a case study but the scope, assumptions and limitations remain wide

enough to allow comparisons of the results with future bridge assessments.

The construction of the methodology is related to the needs of Statens vegvesen, the Norwegian
Public Roads Administration. As owners of the roads and bridges in Norway, this administra-
tion was interested in an environmental assessment of their bridges. Their original wish was to
obtain an environmental evaluation of one of their current bridge projects that could serve as a
basis for the assessment of future bridge projects. Hence, this methodology must be sufficiently
accurate and focused on the impact assessment of Norwegian bridge projects, but wide enough
to include the possibility of different bridge designs, geometries, etc. However, as pointed out in
chapter 2, the choices of materials or deck designs can lead to very different conclusions regard-
ing the environmental burdens of a whole bridge. In order to deal with this issue, limitations

will be stated regarding the scope and interpretation of the methodology.

3.1 Goal and scope definition

This section aims at describing the first stage of LCA methodology, i.e. goal and scope defini-
tion. In this part, the purpose of the study, its aim, its boundaries, assumptions and approx-
imations will be stated, as well as the model and process layout. A meticulous attention will
be attributed to the boundaries of the study, especially regarding foreground processes related

to material manufacturing phases and energy production processes.
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3.1.1 Goal of the study

According to ISO 14040:2006 standard ||, this phase shall include the intended application,
the reason for carrying out the study, the intended audience (to whom this study is to be
communicated and useful) and whether the results are intended to be used in comparative

assertions intended to be disclosed to the public (not included in this report).

Intended application

This study is carried out in cooperation with Statens vegvesen. The bridge project chosen for
the case study is Twerlandsbrua, located near Bodg, Norway. The intended goal of this study
is to identify the overall environmental impact of this bridge and use the results as a basis for
further bridge projects. Furthermore, the results of the case study will be compared to similar

previous studies.

Reason for carrying out the study

The growing worldwide awareness of climate change and its environmental, social and economic
impacts are not to be proved anymore, and this is even more obvious in the building and con-
struction sector. In 2007, according to the Norwegian National Transport Plan 2010-2019, the
transport sector was responsible for approximately 25 per cent of Norway’s total greenhouse gas
emissions. The last decades have shown a substantial increase in emissions from the sector, and
the Government’s goal is that existing and new measures in the transport sector will result in a
reduction in emissions between 2.5 and 4.0 million tons COs-equivalents in relation to expected
emissions in 2020 [2|. This plan was established by the Norwegian Ministry of Transport and
Communication and Statens vegvesen is responsible for its application in the road transport
sector. Hence, the Norwegian Public Roads Administration is carrying out studies in order to

estimate the COq-equivalent emissions from the Norwegian roads, bridges and tunnels.

Life cycle assessment is one of the methodologies intending to assess those impacts. Contrary
to other environmental management techniques, such as risk assessment, environmental per-
formance evaluation or environmental impact assessment; LCA is historically the first holistic
approach, considering a product in its entire lifetime. This life cycle approach allows to obtain
very detailed and precise results, considering all the processes involved in the realization of the

product or system.
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Intended audience

The intended audience of this thesis regroups NTNU university, Statens veguesen. As this audi-
ence might not be familiar with LCA methodology, a complete description of the methodology
is performed in this thesis to help them understand life cycle assessment methodology. This

study can also help LCA practitioners for future bridge LCAs.

3.1.2 Scope of the study

The definition of the scope of the study is the second part of the goal and scope definition. Ac-
cording to the ISO 14040:2006 standard |2], the scope of the study shall include the product or
system to be studied, its functions, the functional unit, the system boundaries, allocation pro-
cedures, impact categories selected and methodology of impact assessment, data requirements,
assumptions, limitations, initial data quality requirements, type of critical review (excluded

here) and type and format of the report required for the study (excluded here).

Product studied

The product studied here is the Twerlandsbrua bridge. This bridge is located in the Nordland
county, 15 km from Bodg. The deck design is a post-tensioned concrete box-girder, with a main
span of 165 m and a total length of 670 m (abutment to abutment). The effective width is 23.45
m. The bridge is designed for a double traffic lane in each direction and a pedestrian/bicycle
lane. The works started in early June 2011 and are to be achieved in late September 2013.
The mounting method chosen by the contractor is a balanced cantilevered traveling formwork
system. This system is made up of two mobile wagons supporting the bridge deck formwork.
The wagons are installed at the top of the columns axis and are moved from a 5 meters maximum

distance each time the in-situ cast concrete part has reached a sufficient strength.

Function

The purpose of this bridge is to link Lgding, a coastal city, and Vikan by crossing the Salt fjord,
hence shortening the traveling distance between both cities by 3 km and reducing the traffic
jams that occur in the morning and in the afternoon. The annual average daily traffic (AADT)
estimated by Statens Veguesen is 8600 veh/day for the bridge opening in 2013 and is assumed
to grow up until 15000 veh/day by 2113. [?|
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Functional unit

According to the ISO 14040:2006 standard, the functional unit is defined as the quantified per-
formance of a product system for use as a reference unit (section 3.20). In other words, it helps
quantifying the product identified functions. This aims at providing a reference to which the
inputs and outputs are related. The definition of the functional unit is, among other things,
primordial to allow comparison of results between different systems. Moreover, if additional
functions of any of the systems are not taken into account in the comparison of functional unit,

then these omissions shall be explained and documented [5].

In our LCA study, the functional unit must be sufficiently precise to allow the impact assessment
of the Twerlandsbrua bridge, but wide enough to include the possibility of the environmental
assessment of future bridge projects. As described in a French report from the MEEDDM
(2006) [15], the functional unit for a specific project shall include criteria about the type of
product, its function and its lifetime. However, as we want to include a wide range of bridge
designs, a simpler functional unit shall be defined. The functional unit selected for this
study is: "1 square meter effective bridge deck area through a lifetime of 100
years", which is the same as the one chosen for the COs-equivalent emissions assessment in

the literature review.

This functional unit combines physical and temporal criteria. The choice of an effective bridge
deck area is due to the inaccuracy of a one-dimension physical distance (length or width),
whereas the product of both is more significant. Indeed, it would be inaccurate to compare two
bridges with the same effective length but different numbers of traffic lanes, for example. The
effective bridge deck area enables comparison between different bridges despite the fact that they
are built at different locations with different sizes. However, this choice is somehow reductive
since the bridge substructure is not clearly represented through this functional unit. Finally,
a 100-year life is currently the most common lifetime attributed to new bridges, maintenance

and repair phases included.

System boundaries

The system boundaries defines the unit processes to be included in the system. Ideally, the
product system should be modeled in such a manner that inputs and outputs at its boundary are
elementary flows. The choice of elements of the physical system to be modeled depends on the
goal and scope definition of the study, its intended application and audience, the assumptions
made, data and cost constraints, and the cut-off criteria, i.e. the specification of the amount of
material or energy flow or the level of environmental significance associated with unit processes
or product system to be excluded from the study. The models used should be described and

the assumptions underlying those choices should be identified. The cut-off criteria used within

Thomas Dequidt 28 Master Thesis NTNU 2012



CHAPTER 3. BRIDGE LIFE CYCLE ASSESSMENT

a study should be clearly understood and described [1].

\YECIgE] Operation Maintenance End-of-Life
production & repair (EOL)
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Figure 3.1: System boundary of Tverlandsbrua (only foreground processes).

Figure 3.1 describes the bridge life cycle phases and the associated processes and sub-processes.

As many processes are included in this thesis, only foreground processes (i.e. data associated

to the product studied) are shown in this figure. System boundaries including background
processes (i.e. data taken from generic databases) are realized in the case study, where the
production and construction life cycle phases are deeply analyzed. The red-colored elements
are excluded from the analysis, whereas the grey-colored ones are not present in this project.

A more detailed description of the life cycle phases is performed below.

Material production phase: the production phase includes concrete, reinforcing steel, form-
work, prestressing equipment (strands, anchors, ducts, grouting paste), asphalt & water-
proofing, railings & parapets, bearings & joints, curing & surfacing measures, bored piles
steel casings, steel pipe piles and products for ground & underwater works. The produc-
tion of the rented equipment (such as scaffolding, machines, cantilever traveling formwork
system, etc.) is not always considered in this analysis as this equipment is likely to be

reused in other projects and the wearing down of the infrastructures related to a spe-
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cific project is difficult to assess. However, some product or equipment processes from
the generic database include infrastructure use, and this will be stated whenever such

processes are selected.

Construction phase: the construction phase includes burdens from transportation of mate-
rial, equipment and personnel to the bridge construction site, energy consumption on
the site from machinery equipment use, short displacements by boat and waste manage-
ment on the site. As the bridge is part of a new road project crossing the Saltfjorden,
representing an overall 2.1 km length, no traffic disruption is accounted for the bridge
construction. The corresponding traffic disruption would be attributed to the carbon

footprint assessment of the roads from each part of the bridge ends.

Operation phase: the operation phase includes emissions from traffic and power supply for
public lighting. According to Statens vegvesen, the annual average daily traffic (AADT)
expected for the opening of this bridge is 8600 veh/day. With a yearly traffic growth rate
of 0.558% expected within the next 100 years, the AADT expected in 100 years is 15000
veh /day, which is still well below the actual bridge capacity. Hence, no important traffic

jams are considered during the bridge life cycle in the analysis.

Repair and maintenance phase: according to Statens vegvesen handbook n°136 - Inspec-
tion for bridges [22] two inspections are frequently performed: a simple visual inspection
every year and a main inspection every 5 years (including cable and underwater inspec-
tions). The repair and maintenance phase also includes a new asphalt course every 3 years.
The bridge is designed for a 100-year life cycle without any important reconstruction work
(bridge deck renewal, etc.), hence no important structural repairs are scheduled during
the bridge life cycle. Accidental events (earthquakes, violent storms, collisions, etc.) can
occur and affect the structural properties badly enough to require structural repairs. How-
ever, as no relevant data related to the probability of occurrence of such events and the

subsequent repairs can be found, this is not taken into consideration in the analysis.

End-of-life (EOL): the EOL phase considers the bridge deconstruction and EOL of reinforced
concrete, asphalt, steel from prestressing works and railings & parapets and gravel used for
backfilling against the abutments and as ballast in the caisson. Those four components
represent all together 98.6% of the overall bridge weight. The end-of-life treatment of

other materials is not considered.

Allocation procedures

Allocation procedures are used to partition the environmental load of a process when several
products or functions share the same process. For example, when waste is burnt at the incin-
eration factory, the fraction and type of emissions associated to each component is unknown

unless the exact composition of the bulk mass is known. Allocation procedures are then used
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in order to attribute accurately the burdens from incineration to each component.

According to the ISO 14044:2006 standard [5], the inputs and outputs shall be allocated to
the different products according to clearly stated procedures that shall be documented and
explained together with the allocation procedure. The allocation procedure shall be divided in

three steps.

Step 1: wherever possible, allocation should be avoided by dividing the unit process in sub-
processes and collecting the input and output data related to each sub-process or expand-

ing the product system to include the additional functions related to the co-products.

Step 2: where allocation cannot be avoided, the inputs and outputs of the system should be
partitioned between its different products or functions in a way that reflects the underlying

physical relationships between them.

Step 3: when physical relationship alone cannot be established or used as the basis for allo-
cation, the inputs should be allocated between the products and functions in a way that

reflects other relationships between them, for example their economic value.

Allocation procedures in this analysis are avoided as much as possible. For example, this is
avoided for all materials considered in the production phase, as a detailed material composition
is available. However, regarding the energy consumption at site from machinery and other
equipment use (cranes, barracks, loaders, excavators, etc.), as only a bulk amount is available
over the entire bridge construction period, the energy is allocated according to the proportional
weight of each component category. For example, the amount of energy required for formwork
handling on the site is calculated by multiplying the share of the formwork weight in the overall
bridge weight by the total amount of electricity consumed by the crane. The same allocation
procedure is used for diesel and gasoline consumption on the site and transport of the crane

and personnel to the site.

Impact categories selected and methodology of impact assess-

ment

As stated previously, life cycle impact assessment (LCIA) is the third stage of LCA methodology.
It is composed of mandatory and optional elements. Among those mandatory elements, the
selection of impact categories and, subsequently, the methodology of impact assessment are of
utmost importance. Those elements must be consistent with the goal and scope definition and
the interpretation phases of the LCA analysis. However, the selection of impact categories and
the methodology of impact assessment are not specified in the ISO standards 14040:2006 and
14044:2006. The choice is left to the LCA practitioner, according to the intended purpose of
the study.
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In our case study, Statens veguesen is interested in the carbon footprint assessment of their
bridges. The carbon footprint is defined as the total emissions of greenhouse gases, for a defined
unit. The greenhouses gases emissions, responsible for the greenhouse effect, are calculated
as carbon dioxide equivalent (COg-eq). The related impact category is global warming (or
climate change). In order to calculate the amount of COs-eq emitted, a characterization model
is used: the global warming potential (GWP). This characterization model determines the
relative contribution of each greenhouse gas (carbon dioxide (COs), methane (CHy), nitrous
oxide (N5O), etc.) over a period of time. Usually, a 100-year baseline is chosen: this is called the
100-year global warming potential (GWP100). The methodology of impact assessment is the
step coming right after the selection of the impact categories. However, this is not considered
here since only one impact category is selected here, but a short explanation of the possible
methodologies of impact assessment will be performed in the description of the life cycle impact

assessment (LCIA) phase.

Data and initial data quality requirements

The collection or calculation of data can be one of the most energy and time consuming part of
an LCA analysis. Whether the data are collected or calculated, the choice of the level of data
quality is already a complicated task. How precise must be the data in order to give sufficiently
accurate results? This is not an easy question to answer, but the ISO 14044:2006 [5] standard

give some recommendations for the collection of data.

e The qualitative and quantitative data for inclusion in the inventory shall be collected
for each unit process that is included within the system boundary. The collected data,
whether measured, calculated or estimated, are utilized to qualify the inputs and outputs

of a unit process.

e When data have been collected from public sources, the sources shall be referenced. For
those data that may be significant for the conclusions of the study, details about the
relevant data collection process, the time when data have been collected, and further
information about data quality indicators shall be referenced. If such data do not meet

the data quality requirements, this shall be stated.

e Among other things, the major headings of the classified data may be energy inputs, raw
material inputs, ancillary inputs, other physical inputs, products, co-products, waste, re-

leases to air, water and soils as well as other environmental aspects.

Data used for this study are mainly directly collected from the different actors involved in the
project, hence constituting a trustful basis for the life cycle inventory (LCI) phase. The bill of
quantities of the entire project is provided by the client, Statens vegvesen [23]. Input data from
material and energy consumption for the production and construction phases are provided by

the contractor and the different subcontractors, while data related to operation and repair &
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maintenance and end-of-life phases are provided by the client. Only data for the end-of-life
phase are based on own assumptions. Output data are generally calculated using the LCA
software Arda v.15-education, that includes the generic database Ecolnvent v2.2. A few output

data are collected from environmental performance declarations (EPDs) or similar.

Assumptions and limitations

Assumptions and limitations account for an important part of the goal and scope definition.
They allow the study to support the reliability of its scientific results when some aspects are
deliberately omitted or neglected. A list of assumptions and limitations are stated below, di-
vided in two categories: general assumptions and limitations, that are valid for the assessment
of future bridge projects using this thesis as guideline, and specific assumptions and limitations,

that are related to this project.

General assumptions and limitations:

Preparatory works: consultancy, administrative documentation or all works required before
the first day of work on the bridge construction site are not considered in this analysis since
the data inventory would be very energy and time consuming and uncertain. Moreover,
burdens from this phase are supposed negligible compared to the complete bridge life

cycle.

Economic and social assessment: this study only deals with the carbon footprint assess-
ment of Norwegian bridges, and no guidelines are given in this report regarding economic
and social aspects. However, key sustainability elements are underlined in a previous
report, TBA 4530 - Construction Engineering & Project Management, Specialization
Report [21], dealing with LCA methodology for bridges.

Carbonation mechanism: carbonation is a very complex mechanism to model. Depending
on the concrete composition, porosity, weather conditions and many other parameters, the
results over a 100-year life can vary tremendously. Hence, this carbon-saving mechanism

is not included in this analysis.

CO, uptakes from wood: as wood absorbs CO, particulates during its life, using it as a
construction material can significantly reduce the overall carbon footprint of a project.
However, this is once again a complex mechanism to model and this will not be included

in this analysis.

Specific assumptions and limitations:

Material data limitations: as defined in the system boundaries, some components are con-

sidered marginal and are not included in the production and construction phases. The
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contribution from the production of temporary equipment (scaffolding, machines, etc.)
is sometimes not considered. For the repair & maintenance phase, accidental /unforeseen
structural repairs are not considered. For the end-of-life treatment phases, only reinforced
concrete, asphalt, steel and gravel are considered. The benefits from the recycling pro-
cesses (of concrete, reinforcing steel, wood, etc.) are not considered in this analysis as

those recycled products will be used in other projects.

Energy consumption assumptions: for the construction phase, a global assumption of en-
ergy use is realized for material handling on the site as it is almost impossible to determine
the amount of energy required to mount each element independently. Moreover, as the
contracting company provides power supply, diesel and gasoline for almost all its subcon-

tractors, only a raw sum is provided.

Energy consumption limitations: as stated in the system boundaries, the production phase
does not consider the contribution from the manufacturing processes of several products.
For the construction phase, the power supply of the barracks and other processes requiring

small energy supply are omitted.

3.2 Life cycle inventory (LCI)

This section deals with the second major step of LCA methodology. During the LCI phase,

input and output flows are listed and the type and source of data are specified.

3.2.1 General requirements

The ISO 14040:2006 |1] standard gives the framework and general principles required to per-
form an LCI:

e The process of conducting an inventory analysis is iterative. As data are collected and
more is learned about the system, new data requirements or limitations may be identified
that require a change in the data collection procedures so that the goals of the study
will still be met. Sometimes issues may be identified that require revisions to the goal or

scope of the study.

e Two main processes are identified for the data acquisition: data collection and data
calculation. Requirements about the quality of these data is specified in the section of

Goal and Scope definition named “Data and initial data quality requirements”.

e The calculation of energy flows should take into account the different fuels and electricity
sources used, the efficiency of conversion and distribution of energy flow, as well as the

inputs and outputs associated with the generation and use of that energy flow.
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e Consideration should be given to the need for allocation procedures when dealing with
systems involving multiple products and recycling systems. The allocation method is

described in the Goal and Scope section named “Allocation procedures”.

Figure 3.2 shows simplified procedures for inventory analysis, according to the ISO standard
14044:2006. [3]

‘ Goal and scope definltion }» **********

l

‘ Preparing for data collection ‘

— Revised data collection sheet l Data collection sheet

‘ Data collection ‘

l Collected data

‘ Validation of data ‘

l Valldated data Allocation

Includes
‘ Relating data to unlt process }4— reuse and
recycling

l Valldated data per unlt process

‘ Relating data to functlonal unlt

l Valldated data per functional unit

‘ Data aggregation

Additional data
or unit processes l Calculated Inventory

required
4{ Refining the system boundary ‘

Completed Inventory

Figure 3.2: Simplified procedures for inventory analysis. [5]

The LCI of bridges (and construction in general) is a quite complicated task, because contrary
to industrial products (such as plastic bottles), the life cycle phases do not follow a linear pro-
duction line. Each bridge is a unique type of product and the quantification of input flows can
be highly uncertain, especially during the construction phase. No guarantee is given regarding
the respect of initial material and energy consumption during the entire construction period.
Hence, additional input flows should be considered in order to foresee future needs at the bridge
site, but those are complex to model before the actual end of the construction period. In order
to counterbalance this high uncertainty, collection and calculation of data should be performed
as accurately as possible, and changes in data collection procedures should be considered as

more is learnt about the system. This is not a straight forward decision process.

The decision-making process of input data source for the production and construction phases is
represented in figure 3.3. Input data collected for the carbon footprint assessment of Tverlands-

brua are directly provided by the client, contractor and subcontractors, hence ensuring good
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quality data. However, when the product reference is provided but a part of the information
is missing, a worksheet of the referenced product is searched in order to obtain missing data.
When such worksheets can not be found, similar worksheet products are researched. If no
similar worksheet products are available, generic data from the software database are used. If
in the meanwhile new information is sent by the client, contractor or subcontractors, the new

information is analyzed throughout the same decision-making process.

Initial data source:
client, contractor &
subcontractors

Input data source:
client, contractor &
subcontractor

Complete
information?

Product
reference Search product worksheet
available?

Product New information from
Search product reference worksheet client, contractor &
found? subcontractors?

Product
reference
found?

Search similar product Input data source:
worksheet product worksheet

Similar product New information from
worksheet client, contractor &
found? subcontractors?

Input data source:
generic data from software
database

Input data source:
similar product worksheet

Figure 3.3: Decision-making process for input data source selection for the production and

construction phases.

When input data are finally collected, their level of quality is checked to be in accordance with
the goal and scope definition phase. If not, revisions have to be made. Due to time limitations,
if missing data are not provided before this master thesis report has to be handed-in (11th of
June), the closest generic data from the software database are selected. Finally, once all input
data sources are identified, the closest process available in the software database is attributed

to the input data in order to calculate the output data.
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For the operation, repair & maintenance and end-of-life phases, the input data source is much
easier to find, as there are less processes considered than in the production and construction
phases. Indeed, for the operation phase, the AADT and growth traffic rate are given by the
client, the public lighting energy consumption is provided by the client and a communication
system company. For the maintenance & repair phase, inspection and surface course renewal
schedules are provided by the client and the type of asphalt is the same as for the production
phase. Finally, for the end-of-life phase, energy consumption from deconstruction and end-of-

life treatment of disposal materials are calculated using generic data from the software database.

Finally, output flow sources are easy to determine in this study, as only carbon footprint is

assessed. Hence, only greenhouse gases emissions are calculated.

3.2.2 Collection and calculation of data

Once unit process flows have been listed, they must be quantified, by collection or calculation.
As discussed previously, gathering data can be a very energy and time consuming work. As
far as possible, data should be collected from generic or specific databases, and calculation or
estimation of data should be done as a last option. Indeed, data calculation often constitutes
an important source of uncertainty and inaccuracy in the data quality and sometimes, even
good data calculation does not lead to more precise results than those obtained with the same

data collected from a database.

The LCA software used for our calculations is Arda v.15-education. This software has been cre-
ated for the students of the NTNU Industrial Ecology(IndEcol) program, Trondheim, Norway,
in order to perform life cycle assessment exercises. This software, even if produced for educa-
tional and not professional goals, is very powerful. It integrates the Fcolnvent v2.2 database as
well as the ReCiPe methodology for life cycle impact assessment. The latter will be discussed

in the next chapter, dealing with life cycle impact assessment.

The latest version of Fcolnvent v2.2 database is from 2009 and compiles a comprehensive
range of process categories such as energy supply, fuels, heat production, electricity generation,
wood, building materials or transport (more than 4000 unit processes in total). This database
also includes capital requirements associated with the various processes, i.e. the part of the
impacts associated with the construction and refurbishment of production facilities. However,
this database can be somewhat fragmented in its construction. That is, when you look at the
input structure of a given process you might find that the cooking recipe and emissions are
split across several different sub-processes, which can be sometimes confusing. Nevertheless,
this database is by far the most recent, comprehensive and best quality general LCA database

available today in several LCA software packages [3].
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For a few production and construction processes, carbon emissions from private databases
are provided by the manufacturers. 70% of reinforcing steel comes from Badische Stahlwerke
GMBH in Germany and 30% From Celsa in Mo I Rana, Norway, and the steel pipe piles come
from Ruukk: in Finland. All manufacturers realized environmental reports or environmental
performance declaration (EPD) spreadsheeets including the greenhouse gases emissions related

to their products.

A last remark is added to this LCI methodology, related to traditional LCA studies. When
describing a system by dividing in its different processes, inputs, outputs and added values, one

can argue that this production chain is often not linear.

To exemplify this, we can take the example of the production of a transportation vehicle. The
production requires steel, but the production of this steel requires the input of transportation
services and thereby vehicles, requiring steel for their production, etc. This type of inter-process
dependency between industries clearly shows that a hierarchical perspective of a production

system is inappropriate [3].

To take into account this interdependence, Nobel Laureate in Economics Wassily Leontief
provided the basis for this through the invention and development of input-output analysis
(IOA). Nowadays, statistical offices around the world develop national accounts which allow
for the development of input-output tables. Other methodologies have been developed to mix
traditional LCA analysis and IOA, named hybrid LCA analysis [8]. TIOA and hybrid LCA
analysis will not be here further developed due to lack of time, but this is an interesting aspect

to be looked at in further studies.

3.3 Life cycle impact assessment (LCIA)

Life cycle impact assessment is the third stage of LCA methodology. During this stage, the
data from the inventory flows listed during the LCI phase are aggregated to obtain more
comparable values. The type and level of aggregation depends on the methodology and the
goal and scope requirements. However, the ISO 14040:2006 || and 14044:2006 [5] standards
give recommendations to perform an LCIA and to differentiate the mandatory tasks from the
optional ones. According to the ISO standard 14040:2006, an LCIA study should at least
contain the selection of impact categories, category indicators and characterization models, the
classification of the LCI results and the characterization of the LCI results. Other elements such

as normalization, grouping and weighting are not mandatory, as shown in figure 3.4. |1]
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LIFE CYCLE IMPACT ASSESSMENT
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Figure 3.4: Elements of the LCIA phase. []

3.3.1 Selection of impact categories, category indicators

and characterization models

As showed in the description of the LCI phase, many input and output data constitute the
inventory flows. The results of an LCA study cannot just display a list of disaggregated output
data, as this would represent a huge number of values and would be neither comfortable to
read nor representative of the global environmental impact. This would also make difficult the
comparison between results from different studies and hence complicate the results interpreta-
tion. A first step of the LCIA is then to aggregate values in a same category of impact and

obtain one representative value per category.

The impact category is the category to which the LCI data will belong, the category indica-
tor is the indicator related to the impact category and the characterization model describes
in which context (political choices, intergovernmental summits, etc.) the impact category and
the category indicators are defined. Furthermore, there are two types of impact categories:
midpoint and endpoint. The midpoint approach models assess the impact categories regarding
to the baseline impact categories and its impact to the environment, while the endpoint ap-
proach evaluates the damage caused to the areas of protection (AoPs), defined as the resources
use, human health and ecological impact [3]. The choice of midpoint or endpoint indicators

depends on the scope of the study, since midpoint indicators are easy to calculate but hard to
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interpret (in terms of effects on the planet), whereas endpoint indicators are hard to calculate
but easy to understand. In order to allocate an impact category, a category indicator and a
characterization model to all output data from the LCI analysis, different methodologies have
been developed but the standards do not advice one specific methodology for the moment. The
LCA practitioner is then free to use the software adapted to his needs, according to the impact

categories he his interested in as well as the classification and characterization models.

However, some guidelines and recommendations are given in the ISO 14044:2006 [] stan-
dard:

e Whenever impact categories, category indicators and characterization models are selected
in an LCA, the related information and sources shall be referenced. This also applies
when new impact categories, category indicators or characterization models are defined.

Examples of impact categories are given in ISO/TR 14047.

e The selection of the impact categories shall reflect a comprehensive set of environmen-
tal issues related to the product system being studied, taking the goal and scope into

consideration.

e LCI results other than mass and energy flow data included in the LCA (for example, land
use) shall be identified and their relationship to corresponding category indicators shall

be determined.

In this analysis, only climate change, a midpoint impact category, is looked at, as it is the only
impact category related to greenhouse gases emissions. The only sources of greenhouse gases
emissions are related to mass and energy flows, hence land use is not considered in this analysis
(this would be relevant in the impact category abiotic depletion, for example, if this was to
be considered). Figure 3.5 displays the category indicator, characterization model and other

information related to the climate change impact category. |]
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Term Example

Impact category Climate change

LCI results Amount of a greenhouse gas per functional unit

Characterization model Baseline model of 100 years of the Intergovernmental Panel on
Climate Change

Category indicator Infrared radiative forcing (W/m?2)

Characterization factor Global warming potential (GWP,,,) for each greenhouse gas
(kg CO,-equivalents/kg gas)

Category indicator result Kilograms of CO,-equivalents per functional unit

Category endpoints Coral reefs, forests, crops

Environmental relevance Infrared radiative forcing is a proxy for potential effects on the climate,

depending on the integrated atmospheric heat adsorption caused by
emissions and the distribution over time of the heat absorption

Figure 3.5: Climate change impact category. [5]

3.3.2 Classification (assignment) of LCI results

In this step of the LCIA, the different flows included in the inventory are assigned to each impact
category. According to ISO 14044:2006 [5| standard, the following basic recommendations are

given:
e assignments of LCI results that are exclusive to one impact category.

e identification of LCI results that relate to more than one impact category, including
distinction between parallel mechanisms (for example, SO, is apportioned between the
impact categories of human health and acidification) and assignment to serial mechanisms
(for example, NO, can be classified to contribute to both ground-level ozone formation

and acidification).

In this analysis, all output data (greenhouse gases emissions) are allocated to one single impact
category, climate change. The Intergovernmental Panel on Climate Change listed the green-
house gases that are relevant to the category indicator infrared radiative forcing (related to the
impact category Climate Change). Some of these greenhouse gases are also allocated to the cat-
egory indicator ozone depletion (related to the impact category stratospheric ozone depletion),
but this is not a problem since those gases a part of a serial mechanism (i.e., they contribute

the same way to both impact category, without being apportioned between them).
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3.3.3 Characterization (calculation) of LCI results

The category indicator results are calculated for each impact categories using characterization
factors. These factors are coefficients that are multiplied by each output data related to the
impact category selected in order to aggregate all corresponding data in one single score. The
characterization factor values represent the relative importance of each output data compared
to a reference output data. The calculation of the characterization factors also depends on the

characterization model selected.

In this analysis, as only climate change impact category is selected, the characterization factor
associated is the global warming potential (GWP100) for each greenhouse gas. As a recom-
mendation from the IPCC, the baseline chosen for the calculations is 100 years, even if other
baselines are available (20 and 500 years). GWP100 characterization factors for each greenhouse

gases and other substances are presented in appendix B.

3.3.4 ReCiPe life cycle impact assessment methodology

Many impact assessment methodologies are implemented in the different LCA softwares and
databases available in the world. As an LCA study can be performed many different ways,
those methodologies aim at simplifying LCA calculations and helping the LCA practitioner to
be coherent throughout his entire analysis. In the LCA software used for this analysis, Arda
v.15-education, the ReCiPe LCIA methodology is used. This methodology includes as well the
GWP100 characterization factors for greenhouse gases as described by the IPCC, which is the
main reference for the life cycle impact assessment phase in this analysis. Other elements that
are not considered in this analysis, such as midpoint and endpoint indicators, normalization,

grouping and weighting, are included in the ReCiPe methodology.

3.3.5 Optional elements: normalization, grouping, weight-

ing and data quality analysis

Depending on the goal and scope definition of the study, additional elements can be added to
the LCIA phase. Those elements often help the decision makers throughout the calculation of
a unique value indicating the level of environmental impacts of a project when different impact
categories are selected in the analysis. With such a method, all impact category results are
aggregated in one single indicator. However, those optional elements are neither well identified
nor controlled by any standard. Hence, the choice of the factors is often subjective and can
lead to misinterpretations of the LCIA results. According to the ISO 14044:2006 |5] standard,

the different optional elements are defined as following:
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e Normalization: calculating the magnitude of category indicator results relative to refer-

ence information.
e Grouping: Sorting and possibly ranking of the impact categories.

e Weighting: Converting and possibly aggregating indicator results across impact categories
using numerical factors based on value-choices; data prior to weighting should remain

available.

e Data quality analysis: better understanding the reliability of the collection of indicator
results, the LCIA profile.

Normalization, grouping and weighting are not relevant in this analysis since only one impact
category is assessed, and hence they will not be further discussed. However, if other bridge
environmental assessments taking into account several impact categories are performed in the
future, these optional elements should be looked at. Regarding data quality analysis, uncer-
tainty and sensitivity analyses are performed. The uncertainty analysis deals with data that
are not completely reliable and the consequences of variations in amount or source of input
data towards the overall impact. The sensitivity analysis tries to evaluate to consequences
of variations in the amount or source of input data related to the processes that account for

important shares of the overall impact.

3.4 Interpretation phase

The interpretation phase is the last stage of an LCA study. This section links the three pre-
vious phases and gives coherence to the entire study. Indeed, as we can see in figure 1.2, the
interpretation phase is not simply coming after the LCIA phase, but is an inherent part of each
phase. More precisely, this phase considers the findings from the inventory analysis and the
life cycle impact assessment together, and establishes a consistency with the goal and scope
definition. Moreover, according to the ISO [4] 14040:2006 standard, the interpretation phase
should reflect that the LCIA results are based on a relative approach, that they indicate poten-
tial environmental effects, and that they do not predict actual impacts on category endpoints

(human health, forest damages, etc.), the exceeding of thresholds or safety margins or risks.

According to the ISO 14044:2006 |5] standard, the interpretation should comprise the following

elements:

e Identification of the significant issues based on the results of the LCI and LCIA phases
of LCA.

e An evaluation that considers completeness, sensitivity and consistency checks (not con-

sidered here).
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e Conclusions, limitations and recommendations.

The relationships between those elements and the other phases of LCA are shown in Figure
3.6. 5]

Life cycle assessment framework
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Figure 3.6: Relationships between elements within the interpretation phase with the other
phases of LCA. [7]

3.4.1 Identification of significant issues

This element aims at identifying the significant issues of the LCA study through the structuring
of the LCI and LCIA results in accordance with the goal and scope definition. Examples of
significant issues can be inventory data (energy, emissions, etc.), impact categories (global
warming, acidification, etc.) or significant contributions from life cycle stages (raw material
acquisition, production, etc.). The purpose of this interaction between LCA phases is to include
the implications of the methods used, assumptions made, etc. in the preceding phases, such
as allocation rules, cut-off criteria, etc. [5] The results from the uncertainty and sensitivity

analyses are also presented here.

3.4.2 Conclusions, limitations and recommendations

The aim of this section is to draw conclusions, identify limitations and give recommendations
for the intended audience of the LCA.
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Conclusions should be done in such a way that the significant issues are identified, the method-
ology and results are evaluated (uncertainty and sensitivity analyses) and that the conclusions
are consistent with the requirements of the goal and scope definition, including the identification

of the limitations [5].

Recommendations shall be based on the final conclusions of the study, and shall reflect a logical
and reasonable consequence of the conclusions. Whenever appropriate to the goal and scope of

the study, specific recommendations to decision-makers should be explained.
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Chapter 4

Case study: Tverlandsbrua

In this section, an LCA study is performed on a bridge case study. First, a description of the
bridge is realized. Then, for each life cycle phase, a detailed inventory list of data is performed
stating the sources and methods of data collection or calculation, bearing in mind the system
boundaries and assumptions stated in the goal and scope definition. Finally, the results from
the LCA software Arda v.15-education are presented, as well as the interpretation of these re-

sults and the realization of uncertainty and sensitivity analyses.
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Figure 4.1: Localization of Tverlandsbrua project. [(]
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CHAPTER 4. CASE STUDY: TVERLANDSBRUA

4.1 Bridge description

As stated earlier, Tverlandbrua is located in Nordland county, 15 km from Bodg, Norway. The
bridge will cross Saltfjorden, and hence is built in a marine environment. The bridge is designed
for a double traffic lane in each direction and a pedestrian/bicycle lane. The works started in
early June 2011 and are to be achieved in late September 2013 and are part of the 2.010 km road
project Rv.80 Lgding-Vikan, owned by Statens vegvesen. All technical drawings are provided

by Statens vegvesen and realized by the consultancy company Aas-Jakobsen.

4.1.1 Bridge superstructure

Longitudinal profile

The deck design is a post-tensioned concrete box-girder, with a main span of 165 m and a total
length of 670 m (abutment to abutment). The deck is divided in 7 spans, as shown in figure
4.2. Two different construction methods are used for the cast in-situ concrete box-girder. A
part of the bridge superstructure is mounted using a balanced cantilevered traveling formwork
system, totalizing 522 m divided in 4 spans. This system is made up of two mobile wagons
supporting the bridge deck formwork. The wagons are installed at the top of the column axis
2, 3 and 4 (see figure 4.2) and are moved from a 5 meters maximum distance each time the

in-situ cast concrete part has reached a sufficient strength (see example on figure 4.3).

Cantilevered part (4 spans) Viaduct part (3 spans)

00 vicieey
o

(BN ORPRES
U/

Figure 4.2: Tverlandsbrua: construction methods. |7|
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Figure 4.3: Tverlandsbrua: cantilevered construction of span 1 (starting from part 1). |7]

The other part of the structure is built as a viaduct cast in a formwork supported by a simple
scaffolding, totalizing 148 meters divided in 3 spans. As the construction of the viaduct goes
on, the formwork and scaffolding system are moved from the abutment (axis 8) to the column
axis 5, where they reach the cantilevered constructed part. A temporary underwater structure

is built to support the scaffolding, as shown in figure 4.4.

. =Bl Axis8 I Axis 7 Axis 6

Figure 4.4: Tverlandsbrua: viaduct part.

The spans of the viaduct located between axis 8-7 and 7-6 are built first. Then, a first can-
tilevered part is built from both parts of axis 4 simultaneously with the last span of the viaduct
part (between axis 6-5), until the cantilevered and viaduct parts meet at axis 5. Finally, the
cantilevered parts from axis 2 and 3 are built one after another (see figure 4.5). Post-tensioning

is then applied in both longitudinal and transverse directions.
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Figure 4.6: Tverlandsbrua: box-girder varying (upper drawing) and constant (lower drawing)
heights. |7]
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Cross-sections

The total deck width is 23.5 m (sometimes a bit less, 23.42 m) divided in 2 double traffic lanes,
9.5 m each, a walkway /bicycle lane of 4 m (railings included) and 0.5 m for the other external
railing. The concrete box-girder of the viaduct part (from axis 5 to 8) has a constant height
(2.6 m) and bottom chord width (14 m), whereas the cantilevered part (from axis 1 to 5) has
a varying height (from 2.6 to 9 m), as shown in figure 4.6.

4.1.2 Bridge substructure

Abutments and columns

The abutments, located at axis 1 and 8, are designed as cantilever abutments resting on a rock
support foundation (no piles). These abutments are quite massive (600 m? concrete for both
abutments) with a large stem transmitting horizontal forces to a wide footing, acting itself as
a cantilever beam to prevent from instability issues due to horizontal and vertical forces (see
figure 4.7).

L!

]
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Figure 4.7: Tverlandsbrua: abutments, axis 1 (left) and axis 8 (right). [7]

Two types of designs are realized for the columns. The columns supporting the cantilevered
constructed part are designed as twin solid walls slightly tapered, while the columns supporting
the viaduct part act as twin simple columns on top of which rests a bridge bearing, as shown

in figure 4.8.

Thomas Dequidt 51 Master Thesis NTNU 2012



CHAPTER 4. CASE STUDY: TVERLANDSBRUA

V4
= l =
B mm—_y d:ﬁ —
\\ Y ‘ S I
‘ | /
\ ‘ WA
! !
‘ LAGER
I I
|
i I
‘ ‘ ‘ L1l
|
|
A | I | e
i
| ¥ am
I3 \ +
g
l 100t
— : \'ﬁ "‘T'l }'I J'"\ n" "F'I unl q_i
= 1 = = AN i =
[ N e e R = T T ‘ [11]

Figure 4.8: Tverlandsbrua: twin solid walls for the cantilevered part (left) and twin simple

columns for the viaduct part (right). [7]

Foundations and piles

Four types of foundations are realized in this project.

In axis 2, a concrete foundation is realized with bored piles. The foundation looks like a cylinder
tapered at the top, with an average diameter of 15.6 m and a height of 3.9 m, on which rest the
twin solid walls. At the periphery of the foundation, concrete skirts are realized and reinforced
with prestressing tendons in order to prevent boats from being sucked up under the foundation
in case waves get an amplitude so important that the sea level becomes lower than the bottom
of the foundation. In addition, 12 piles are bored in the rock mass, cast with concrete and

anchored to the rock mass using prestressing tendons, as shown in figure 4.9.
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Figure 4.9: Tverlandsbrua: axis 2: foundation cross-section (left), foundation plan view (mid-

dle) and bored piles (right). |7]
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In axis 3, a sinked caisson is realized. The construction of this caisson was made in several step.
The caisson started to be cast on the shore of the fjord. As the total height of the caisson is
27.75 m, the concrete work was realized in 2.5 m height parts. When the first part was realized,
the caisson was brought to the sea and ballasted with rock in order to sink it partially and
maintain it stable in the water. Then, the other parts were cast off-shore and as the caisson
was sinking a little bit more after each cast part due to its own weight, more ballast was added
in order to stabilize it. When the caisson was finished and still partially sinked, three boats
towed the caisson to its intended position (axis 3). There, the caisson was ballasted until it
sank completely and reached a concrete platform at the bottom of the sea in which the bottom
of the caisson was inserted. Once the caisson was finally installed, a concrete foundation similar
to the one from axis 2 was realized. Prestressing cables going through the foundation, caisson
and bottom platform maintain the overall structure anchored in the bed rock. Figure 4.10

shows the sinked caisson.
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Figure 4.10: Tverlandsbrua: sinked caisson. |7]

In axis 4, a concrete foundation is simply anchored in the bed rock using prestressing tendons,

as shown in figure 4.11.

Thomas Dequidt 53 Master Thesis NTNU 2012



CHAPTER 4. CASE STUDY: TVERLANDSBRUA

{-VEG | {-BR
FLTa0

"' 5 | | ‘ A_ﬁ\ /
“ ;! R \
‘ \ 750 ) . 1750 |
=1 | ‘ | i \"‘
e‘ Loy b . ‘g
f o | 300 1[ ‘ 300 | |
— g | e
i R =B
| \
1500 &
| 12000 I F
b

Figure 4.11: Tverlandsbrua: foundation axis 4. |7]

Finally, in axis 5, 6 and 7, a concrete foundation is realized with steel pipe piles. A larger
foundation, oblong-shaped, is built for those 3 axis, each supported by 14 steel pipe piles. The
steel piles are first dig in the soil using a piling rig. The bottom of the piles are designed with
a rock shoe in order to prevent the bottom from slipping on the bed rock. Once the steel pipe
piles are installed, they are reinforced and filled with concrete and connected to the concrete
foundations. The twin simple columns are then cast on the foundation, as shown in figure
4.12.
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Figure 4.12: Tverlandsbrua: axis 5: foundation cross-section (left) and foundation plan view
(right). 7]
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4.2 'Tverlandsbrua life cycle inventory

In this section, the data inventory of the five life cycle phases of the bridge are detailed. Sources
of data and assumptions for data collection and calculation are stated. The list of the bridge
contractors is presented in appendix C and represented the main source of input data. The

complete input data inventory is presented in appendix E.

4.2.1 Material production phase

The material production phase is divided in three main processes: superstructure, substructure

and other.

The system boundaries of the superstructure is shown in figure 4.13. For this analysis, it was
interesting to divide the superstructure in two categories, the structural part (concrete deck
box-girder) and the non-structural part (road infrastructure and equipment), in order to iden-
tify the main sources of emissions in a bridge life cycle. This division will also be considered in

the other life cycle phases.
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Figure 4.13: System boundary of the superstructure production phase.
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The system boundaries of the substructure is shown in figure 4.14. The bridge substructure is
composed of the abutments, columns, caisson, foundations and piles. Ground and underwater

works are also included in this part.
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Figure 4.14: System boundary of the substructure production phase.

The last category includes elements that can not be clearly attributed to the superstructure or
substructure or whose data quality is bad. As this category contains many small processes, a

list of the elements considered is performed further in the report.

The input data are almost always provided by subcontractors. Whenever possible, a complete
assessment of these elements is performed (i.e. including transportation of components, energy
use from manufacturing processes, etc.). When such data are not available, they try to be
assessed through generic processes from the Fcoinvent v2.2 database included in the software.
As far as possible, European average data are selected from the database as they constitute the
most reliable origin. When such generic data are not found, some processes are omitted. The

importance of these omissions will be considered in the discussion part.
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Concrete

5 types of concrete are used in this project: B35 SV-30, AUV B45-SV30 (underwater concrete),
B45 SV-30 (Dmax=16 mm), B55 SV-30 (Dmax=16 mm) and B55 SV-30 (Dmax=22mm).
According to the concrete supplier, the B55 SV-30 concrete shares are 20% Dmax=16mm and
80% Dmax=22mm. The durability class is MF40 for all concretes, except for AUV concrete
that has a M40 durability class. The composition is basically the same for all concretes, only

the amount of components change. The components are:

Cement: two types of cement are used: Norcem Industrisement and Norcem Standard FA.
The former is a Portland cement CEM I 42,5 R, containing 90% clinker, 5% additional
milling substances and 5% gypsum. The latter is a CEM IT1/A-V 42,5 R cement containing
80% Portland cement and 20% fly ash. The cement selected from the database is taken at
plant and the process includes the manufacturing processes mixing and grinding, internal
processes (transport, etc.) and infrastructure (specific machines and plant) [25]. The
Norcem Industrisement is transported to the concrete factory by truck (about 197 km)
and then by freight ship (about 28 nautic miles). The Norcem Standard FA cement is
transported from Kjgpsvik by freight ship (about 96 nautic miles).

Fly ash is contained in the CEM II/A-V 42,5 R cement (Norcem Standard FA). It is mainly
composed of silicon dioxide (SiOg), aluminium oxide (Al;O3) and iron oxide (FeyOs).
However, as fly ash is a by-product of the coal-fired power plants, it is considered as
waste without burdens. The fly ash transportation is included in the transportation of
the Norcem Standard FA cement.

Silica fume , or microsilica, is another cement admixture. It is mainly composed of silicon
dioxide (SiO2). The product used in this case is Fesil Microsilica. However, as silica
fume is a by-product of the production of elemental silicon or ferro silicon alloys, it is
considered as waste without burdens. The silica fume is transported by truck from Mo I
Rana (237 km).

Sand constitutes the filler part of the concrete that has a diameter range of 0-8 mm. The sand
selected from the database is taken at mine. The sand is transported by freight ship from
Glpmmen (220 nm) and Vika (78 nm).

Gravel constitutes the filler part of the concrete that has a diameter range of 8-22 mm. The
gravel selected from the database is taken at mine. The gravel is transported by freight

ship from Tomma (78 nm).

Cold water is used for mixing concrete. The water selected from the database is cold tap
water. No transportation is considered for water as it is directly taken at the concrete

factory.

Superplasticizing admixture are used to have a better concrete workability. The admix-

ture used in this case is Dynamon SX-N. Superplasticizers are mainly based on acrylic
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polymers. Acrylic filler is selected from the database. The superplasticizing admixtures

are transported by truck on a distance of 1100 km.

Air-entraining admixture are used for concrete frost protection by producing smaller and
more evenly distributed air bubbles. The air-entraining admixture used in this case is
Mapeair 50. According to a document from the Cement Admixtures Association [20], one
of the synthetic air-admixture components used for air-entraining are diethanolamines.
Hence, diethanolamine is selected from the database. The air-entraining admixtures are

transported by truck on a distance of 1100 km.

Set-retarding admixture are used to control the setting of concrete. They are mainly based
on sodium gluconate. The product used in this case is Mapetard R. Sodium carbonate is
selected from the database. The set-retarding admixtures are transported by truck on a
distance of 1100 km.

Anti-washout admixtures are used in underwater casting to prevent concrete from separat-
ing in water. The product used in this case is Rescon T. Anti-washout admixtures can be
cellulo- or acrylo-based polymers. Carboxymethyl cellulose powder is selected from the

database. The anti-washout admixtures are transported by truck on a distance of 1100

km.

Energy use for concrete mixing: once all the components are brought to the concrete fac-
tory, they must be mixed together. The calculation of the required energy is based on
average values from the total production of the concrete plant in 2011. An electricity
mix from Norway is selected from the database. 99.1% of this electricity is generated by

hydro power plants [27].

Table 4.1 shows the total amount of concrete, composition and energy required for mixing
concrete per type of concrete. The amount of concrete is obtained from the bill of quantities
realized by Statens Vegvesen |23], and the concrete composition is provided by the concrete
supplier of the project. Concrete used for piles and ballast concrete are also included here.
The total amount of concrete is 18172.7 m3. A sensitivity analysis is performed later in this
report, comparing the different concretes used in this project with a reference concrete and a

low-carbon concrete.
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AUV B45
B35 SV-30 V.30 B45 SV-30 | B55 SV-30 | B55 SV-30
(Dmax= (Dmax= (Dmax= (Dmax=
(Dmax—=
22 mm) 22 mm) 16 mm) 22 mm)
22 mm)
Total amount
600 351 4227 2615 10379.7
(m?)
Density
5 2356 2364 2359 2408 2406
(kg/m”)
Energy use
‘ 5.089 5.089 5.089 5.089 5.089
(kWh/m?)
0/8 mm
(Glommen) 24.54 28.65 28.71 33.86 34.48
(%)
0/8 mm 10.72 7.12 7.14 0.00 0.00
(Vika) (%) ' ' ' ' '
8/16 mm
12.99 12.95 12.98 39.46 13.80
(Tomma) (%)
16/22 mm
25.23 24.38 24.43 0.00 25.31
(Tomma) (%)
Norcem
Standard FA 18.02 18.33 18.37 14.19 13.99
(%)
Norcem In-
dustrisement 0.00 0.00 0.00 3.79 3.73
(%)
Fesil
Microsilica 0.75 0.76 0.77 1.45 1.43
(%)
Cold water
7.54 7.31 7.32 7.01 7.02
(%)
Dynamon
0.11 0.13 0.13 0.19 0.19
SX-N (%)
Mapetard R
0.00 0.06 0.06 0.00 0.00
(%)
Mapeair 50
0.09 0.10 0.10 0.05 0.05
(%)
Rescon T (%) 0.00 0.21 0.00 0.00 0.00

Table 4.1: Total amount, energy consumption and composition of each type of concrete.
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Table 4.2 shows the amount of concrete per type of element and concrete. As previously
presented in figures 4.13 and 4.14, the concrete is divided in two function categories, the bridge
superstructure and substructure. The choice of the element subcategories is based on Statens

Vegvesen element codification from the bill of quantities [23].

B35 AUV B45 B45 B55 B55
Element SV-30 SV-30 SV-30 SV-30 SV-30 Total
ota
category (Dmax= | (Dmax= | (Dmax= | (Dmax= | (Dmax—
22 mm) 22 mm) 22 mm) 16 mm) 22 mm)
Total (m?) 600 351 4227 2615 10379.7 18172.7
Total (%) 3.30 1.93 23.26 14.39 57.12 100.00
Superstructure
- - 878 2615 10380 13873
(m?)
Superstructure
- - 4.83 14.39 57.12 76.34
(%)
Substructure
3 600 351 3349 - - 4300
(m”)
Substructure
3.30 1.93 18.432 - - 23.66
(%)
Bridge superstructure
D31 - capital
. - - - 343.4 1373.6 1717
axis 2,3,4 (m?)
D32 -
cantilevered
. - - - 1743 6972 8715
part axis 2,3,4
(m®)
D33 - viaduct
part axis - - - 486 1944 2430
5,6,7,8 (m?)
D34 - end
section axis 1 - - - 42.6%* 90.4 133
(m?)
D95 - edge
kites and - - 878 - - 878
sidewalks (m?)
Bridge substructure
B21 - bored
piles axis 2 - 170 225.7%* - - 395.7
(m?)
Continue on next page
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Continued from previous page
B35 AUV B45 B45 B55 B55
Element SV-30 SV-30 SV-30 SV-30 SV-30 Total
ota
category (Dmax= | (Dmax= | (Dmax= | (Dmax= | (Dmax—
22 mm) 22 mm) 22 mm) 16 mm) 22 mm)
B22 - steel
pipe piles axis - - 205 - - 205
5,6,7 (m?)
C11 -
abutments 600 - - - - 600
axis 1,8 (m?)
C21 -
foundations
. - - 1250 - - 1250
axis 2,4,5,6,7
()
C22 - cai
AN . 181 765+ . . 946
axis 3 (m?)
C31 - columns
, ; . 811 : ] 811
axis 2,3,4 (m?)
C32 - columns
, . . . 92 . . 92
axis 5,6,7 (m?)
* Including 20 m? of ballast concrete
** Including 10 m? for excess consumption
4% Including 250 m? of ballast concrete

Table 4.2: Amount of concrete per element category

Reinforcing steel

The B500NC reinforcing steel used in this project comes from two main manufacturers: 70%
from Badische Stahlwerke GMBH in Germany and 30% from Celsa in Mo i Rana. The shares
of reinforcing steel production between both suppliers are provided by the subcontractor of the
bridge but are likely to vary according the the stocks availability. SUch variations are consid-

ered in an uncertainty analysis later in this report.

An environmental report from Badische Stahlwerke GMBH [28] gives the average CO4 emissions
of a ton of finished reinforcing steel (i.e. at the factory gate) in 2005, 2009 and 2010. All inputs
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and outputs are considered in this analysis, except for power supply. The emissions are 75,
63.8 and 62.3 kgCOy per ton of finished product, respectively, showing a trend of decreasing
CO; emissions over the years. We assume this is due to improvements in steel manufacturing
processes, use of recycled scrap steel and decrease of energy use. Hence, we can expect even
lower emissions for the reinforcing steel that will be produced in 2011, 2012 and 2013. However,
as we do not know the date of production of the steel that will be delivered at Tverlandsbrua
throughout the entire construction period, we can simply assume that the steel will be at least
produced in 2011. As the construction of the bridge started in June 2011, we can expect that
the production of reinforcing steel delivered this year emitted less than in 2010. If we follow the
trend of 2% reduction of the COy emissions from 2009 to 2010 compared to 2010, the average
emissions in 2011 would be 60.8 kgCOs per ton of finished product, which is the value selected
for our study. However, one should bear in mind that even if those data are very accurate
since they directly come from an environmental report of the manufacturing plant, only CO,

emissions are assessed, hence other greenhouse gases are not considered.

In order to model the electricity consumption omitted in the environmental analysis, we consider
the power supply of a generic reinforcing steel production process selected from the database.
This generic process uses two different steel manufacturing processes: basic oxygen furnace
(BOF) and electric arc furnace (EAF). 63% of steel is produced by BOF and 37% by EAF.
BOF and EAF require 2.19E-02 kWh and 4.24E-01 kWh of electricity per kg of steel, respec-
tively, which makes 1.71E-01 kWh per kg of steel in average. A electricity production mix
from Germany is then selected from the database to model electricity consumption. The main

sources of electricity production in Germany are fossil (62.2%) and nuclear (30.4%). [27]

An environmental performance declaration (EPD) is provided by Celsa [29]. A cradle-to-gate
analysis is performed, considering all energy supplies (fuel, heat and electricity), steel scrap
acquisition, supply of commodities, steel works in Mo I Rana (melting, refining, casting, rolling)
and core processes (transportation to the reinforcement steel factories, transportation of waste).
The steel products are 100% made up of recycled steel scrap. The electricity required to make
1 ton of finished product is 2681 MJ. The source of electricity for the steel works, representing
90% of the overall electricity consumption, is almost only hydro power (99.8 %). The overall
GWP is 340 kgCOy-eq per ton of finished product (at the factory gate).

Prestressing equipment

Prestressing operations are used for two types of work in this project.

First, prestressing tendons are used in axis 2 for the foundation and bored piles, in axis 3 for
the caisson platform and in axis 4 for the foundation. These tendons are used to anchor the

concrete elements in the bed rock.

The second part of prestressing works is located in the post-tensioned bridge deck. Both
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companies realizing the bed rock anchoring and the post-tensioning provided all data related
to the material type and amount of their products, but no information about the manufacturing

processes. The products considered for the prestressing works are:

Prestressing steel: high-strength stressing steel Y1860S7 is used in this project. As this steel
is drawn during manufacturing, a wire drawing process is selected from the database,
including pre-treatment of the wire rod, dry or wet drawing, heat treatment and finishing

[30]. The steel selected from the database is a low-alloyed steel.
Grouting: mortar is used for grouting the ducts. Cement mortar is selected from the database.

Plastic ducts: the prestressing cables for rock anchoring are inserted into plastic ducts. We
assume a linear density of 1 kg/m. A combination of plastic raw material extraction and
average plastic pipe extrusion is selected from the database. The latter process includes

auxiliaries and energy demand [31].

Corrugated steel ducts: the strands used for deck post-tensioning are inserted into corru-
gated steel ducts. Low-alloyed steel and an average steel working process are selected from
the database, the latter including average values for the steel processing by machines as
well as the factory infrastructure and operation. Additional metal input in considered for

the loss during processing [32].

Anchors: active and passive anchor heads are used to stress the strands at their extremities.
Only amount of anchors for bridge deck post-tensioning are provided. Low-alloyed steel

and an average steel working process are selected from the database.

Formwork

The formwork used is this project is provided by one single subcontractor. The formwork
material is plywood. Due to absence of data from the subcontractors, we assume 18 mm thick
plywood panels. An outdoor plywood use process in selected from the database, including the

inputs to the production process and transport of those inputs [33].

Asphalt and waterproofing layers

This section covers the production of waterproofing and asphalt layers for the road lanes.
Only the initial production of asphalt is considered since its maintenance is assessed in the
maintenance & repair phase. All data are based on Statens Vegvesen general requirements
and own assumptions since the asphalt subcontractor has not been chosen yet. The products

are:

Waterproofing is based on two compounds: PmBEG60 and Topeka 4S. This waterproofing

method became a wide-spread method in Norway in 1990 and is currently applied and
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regulated by Statens Vegvesen. PmBEGO is an adhesive emulsion applied in very thin
layers (0.3 - 0.5 kg/m?) on the concrete deck surface. Topeka 4S is then applied on the
PmBEG6O layer, consisting in a mix of bitumen, filler and aggregates. To simplify our
analysis, we will consider the waterproofing as a 20 mm layer composed of 30% crushed

gravel, 60% sand and 10% bitumen, as was designed the initial Topeka miz |31].

Asphalt is laid in two layers: one for leveling and one for the surface course. Mastic asphalt is
selected from the database. In this process are also included the laying and compacting of
the layers with building machines, which should actually be considered in the construction
life cycle phase [25]. A transportation distance of 100 km is considered between the asphalt

supplier and the construction site.

Curing and chemical compounds

In this section are considered the different concrete curing methods used by the contractor
(plastic sheeting, insulation membranes, etc.) as well as gluing of concrete and surface impreg-
nation. All data are based on partial information from the contractor and own assumptions.

The different items are:

Insulation membrane is used as a first layer on the curing concrete surface. The product
used in this case is Pieri Curing Clear, a solvent based liquid that is used to prevent
a premature evaporation of the water inside the concrete. We assume a density of 200

g/m?. An organic solvent is selected from the database.

Plastic sheeting is used as a second layer on the curing concrete surface. The type of plas-
tic used is not clearly identified, so EVA (ethylvinylacetate) foils are selected from the

database and we assume a density of 950 g/m?.

Polyethylene is used as a third and last layer on the curing concrete surface. As only
granulate-shaped polyethylene is available from the database, a plastic film extrusion
process is added, including auxiliaries and energy demand [31]. We assume a density of
105 g/m?.

Epoxy resin is used to glue fresh concrete to cured concrete. Epoxy resin from the database

is selected. We assume a density of 250 g/m?.

Surface impregnation has not been clearly defined yet but corresponds to painting of the
columns. An acrylic binder is selected from the database. We assume a density of 2
kg/m?.
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Bridge bearings and joints

This section covers the bridge bearings used at axis 1, 6, 7 and 8 as well as the steel finger
joints used at axis 1 and 8. Data are partly provided by the subcontractor but assumptions are

made for the manufacturing processes.

Bearings transmit the loads from the deck (viaduct part) to the columns at axis 6 and 7,
as well as the loads from the deck to the abutments at axis 1 and 8. They are mainly
made up of steel, cast iron and natural rubber. These components are selected from the

database. Average metal working process is also considered for steel and cast iron.

Finger joints are used at axis 1 and 8. Low-alloyed steel and average metal working are

selected from the database.

Railings and parapets

Three types of products are used: outer steel parapets, intermediate steel parapets and pedes-
trian guardrails. As the subcontractor in charge of these products has not been chosen yet,
all data are based on Statens vegvesen specifications from the bill of quantities [23] and hand-
made calculations of steel volumes. As the calculation of steel volume is highly uncertain, an

uncertainty analysis is performed later in this report.

Outer steel parapets are used on the external edges of the road lanes. The model Sicuro H2
is used in this analysis. Low-alloyed steel and average metal working are selected from
the database.

Intermediate steel parapets are used between the two traffic lanes. The model Monoline is
used in this analysis. Low-alloyed steel and average metal working are selected from the

database.

Pedestrian guardrails are used on the external edge of the pedestrian lane. The model
Sicuro is used in this analysis. Low-alloyed steel and average metal working are selected

from the database.

Piles

Bored and steel pipe piles are considered in this section. Only the steel production and work
processing are assessed since concrete and reinforcing steel are considered in the previous sec-
tions. Data are partly provided by the subcontractors and own assumptions are made for

manufacturing processes of the bored piles casings.

Bored piles: steel casings are used as formwork for the concrete bored piles. Low-alloyed steel

and average metal working are selected from the database.
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Steel pipe piles: an environmental report from the manufacturer of the steel pipe piles is
used to assess the COy, CHy and NoO emissions from the steel piles production. This
study is a cradle-to-gate life cycle assessment, which means that all processes are taken
into account from the raw material acquisition to the finished product, and it includes
end-of-life recycling rate of 90% for steel [35]. The emissions for 1 ton of finished product
are 1.07 tCO,, 0.8 kgCH4 and 6 gN,O. Other greenhouse gases are not considered but

they represent a negligible share of the overall global warming.

Ground and underwater works

This section includes explosives used for rock blasting and gravel. Data are mainly based on

own assumptions.

Explosives : a mix of TNT and slurry is used by the subcontractors for blasting. Normally,
TNT should be modeled for blasting below water, at it is the only suitable underwa-
ter blasting technology. However, only Tovex (partly modeled as a slurry explosive) is
available and then selected from the database. Raw material provision, mixing process,
packaging, internal processes (transport, etc.) and infrastructure are included [25]. Ac-

cording to the subcontractors, 70 kg of explosive is required for blasting 360 m? of rock.

Gravel : crushed gravel is used for backfilling against the abutments and ballast in the caisson.

Crushed gravel is selected from the database.

Other products

This section covers all products that could not be clearly attributed to the bridge superstructure
or substructure, or whose data quality was too low to be relevant if allocated to one of the
previously listed categories. The amount of material is either taken from the bill of quantities
or roughly assumed. The quality of data is said medium when the product can be assessed
using accurate generic data from the database and poor when assumptions have to be made
for input quantifications and selection of data from the database. The elements considered

are:

Extra cement: supplementary cement is ordered by the main contractor in order to have a
permanent amount of cement available at site. Portland cement 42.5 is selected from the

database. Quality of data: medium.

Electrical cables: the necessary amount of cables for power supply is considered here. 12590
m are stated in the bill of quantities. All other electrical devices (Cadweld bolts, switching
boxes, etc.) are not considered. Three-conductor cables are selected from the database.

Quality of data: medium.
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Lamp posts: devices used for public lighting. 30 units are ordered. We assume 50 kg of steel
per unit. Low-alloyed steel and average steel working are selected from the database.

Quality of data: poor.

Hollow rock shoes: devices mounted at the bottom of the steel pipe piles to prevent the piles
from slipping against the bed rock. 64 units are ordered. We assume 2000 kg of steel per
unit. Low-alloyed steel and average steel working are selected from the database. Quality

of data: poor.

Grouting for bored piles: grouting is used between the rock and the steel casings for bored
piles. We assume 60 kg of grouting for the 12 piles. Cement mortar is selected from the

database. Quality of data: poor.

Corrosion protection for anchoring: includes corrosion protection of anchoring cables in
foundations and piles. 26 m? of powder coating are stated in the bill of quantities. Powder

coating is selected from the database. Quality of data: poor.

Supplementary formwork: includes supplementary formwork for recesses, edge beams and
all architectural details of the bridge. The bill of quantities states 8073 m? of extra
formwork for the entire bridge. We assume a thickness of 18 mm. Outdoor plywood is

selected from the database. Quality of data: poor.

Fixed splicing connections: this type of connections is used for splicing the prestressing
cables in the deck. 30 units are ordered. We assume 10 kg of steel per unit. Low-alloyed

steel and average steel working are selected from the database. Quality of data: poor.

Skirts: devices used to prevent boats from being sucked up below the column foundations.
270 tons of concrete are stated in the bill of quantities for all skirts. Normal concrete is
selected from the database. 8 tons of reinforcing steel are assumed here. Quality of data:

poor.

Water runoff systems: pipes are used for water runoff on the bridge deck. 1340 m of plastic
pipes are stated in the bill of quantities. PVC and plastic pipe extrusion process are

selected from the database. Quality of data: poor.

Additional equipment for inspection: 2 stairs, 2 doors and 2 ladders are mounted for in-
specting the foundation at axis 2 and the caisson at axis 3. 6000 kg of steel and 50 m? of
stainless steel coating are assumed. Low-alloyed steel, average steel working and stainless

steel coating are selected from the database. Quality of data: poor.

Excluded elements

All products from the bill of quantity not listed previously are considered here. These ele-
ments are not assessed in this analysis because no data are available. The elements considered

are:
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Grease: this is used to facilitate the insertion of the different prestressing components. How-
ever, as no information is given about grease type and amount, this is not included in the

analysis.

Supplementary wood: wooden planks are used for security installation and other on-site

uses. No information is provided about the amount and type of wood.

Barracks: different features for the personnel are used on the site, such as sleeping accomoda-
tions, offices, kitchens, bathrooms and meeting rooms. No information is provided about

the production of these features.

Traveling formwork system, scaffolding, temporary bracings and covers: the produc-
tion of these elements is not considered as the related products are likely to be reused
in other projects. Furthermore, no data are available to make allocation procedures for

assessing the wearing down of the elements in this project.

Cooling of concrete: a cooling system is to be used for the concrete in foundations at axis
2,4, 5, 6 and 7. However, no data are available yet on the type of cooling process
(cooling pipes, cooling compound, etc.). The production of this cooling system is then

not considered.

4.2.2 Construction phase

The emissions due to the construction phase of the bridge are listed in three categories: trans-

portation to the site, emissions from construction on the site and waste management.
The system boundaries of the construction phase is shown in figure 4.15.

The transportation to the site is divided in three types of transported unit: material, equipment
and personnel. This division is due to very different assumptions made for the transporta-
tion assessment of each category (single or round-trip considered, type of transportation unit,
etc.).

Emissions from construction on the site are due to three main sources (electricity, diesel and

gasoline) and two secondary sources.

Waste management includes transportation of materials to recycling plant except for mixed

waste that is transported to a landfilling area.

Finally, the category Others regroups transportation of the elements classified in the production
phase category Others and construction-related processes that could not be clearly attributed

to the bridge superstructure or substructure or to their related subcategories.
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Figure 4.15: System boundary of the construction phase.

Transportation to the site

Transportation is included in the construction life cycle phase since means of transportation
and traveling distances mainly depend on the location of the project, and not on the production
of the transported materials. Almost all data are provided by the subcontractors. When some
data are not available, assumptions are made. Transportation of material and equipment to the
site is mainly performed using two means of transportation: transoceanic freight ship and lorry.
A part of the prestressing equipment for the bridge deck is transported by train. Transportation
of personnel is only performed by plane. Each type of transported unit, i.e. material, equipment
and personnel, is assessed independently.

Transportation of material. Table 4.3 shows the mean of transportation, route, distance,
amount of material transported and amount of kilometre-ton (i.e. the transportation of
one metric ton over one kilometre) of each product category. The processes selected from
the database are: Transoceanic freight ship (TFS), including operation and maintenance

of the ship as well as construction and maintenance of port facilities; Lorry > 16t, fleet
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average, including lorry operation and maintenance as well as construction and mainte-
nance of road infrastructures and European freight train, including a mix of electricity
and diesel supply as well as operation, maintenance and disposal of the rolling stock and

the rail infrastructure [30].

Apart from concrete transportation, only one way of transportation is included. Indeed,
transportation distances included in this project are often very important (between 600
and 2000 km) and the products are mainly delivered in one carriage for the entire bridge
construction period, so no frequent round-trips are necessary. Moreover, the transport
devices can deliver their products at other construction sites on their way back. For
concrete, this is different since the concrete factory is based 20 km from the bridge site,
so round-trips are considered. However, we assume that on its way back to the concrete

factory, an empty truck weights 20% of the concrete weight transported on its way out.

Amount of
Mean of . Amount of .
. Distance kilometre-
Material transporta- Route transported
i (km) i ton
tion material (t)
(tkm)
Concrete
Bodg- Tver-
(round- Lorry 24 4.349E+-04 1.044E-+06
. landsbrua
trips)
Germany - 850 1.14E+03 9.68E 105
TFS Oslo ' '
. f . G _
Reinforcing — 2140 1.14E+03 | 2.44E106
steel Harstad
Oslo - Tver-
1200 1.14E+03 1.37E-+06
landsbrua
Lorry
Harstad -
Tverlands- 320 1.14E+03 3.64E-+05
brua
Mo I Rana -
Tverlands- 237 9.76E+02 2.31E+05
brua
Deck Santander -
ec TFS 2322 7.67E+02 1.78E-+06
prestressing Oslo
Oslo - Tver-
- Strands | Fyieght train | . 1200 7.67E+02 9.21E 105
landsbrua
Deck Cornaredo -
ec Truck 940%* 7.77E+01 7.30E+404*
. Antwerp*
prestressing
Ant -
- ducts, TFS nmew 1169* TITE01 | 9.08E-+04*
option 1 Oslo

Continue on next page
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Continued from previous page

Amount of
Mean of . Amount of .
. Distance kilometre-
Material transporta- Route transported
. (km) . ton
tion material (t)
(tkm)
Deck
prestressing . Oslo - Tver-
Train 1200* 7.77TE+01 9.32E-+04*
- ducts, landsbrua*
option 1
Barcelone -
Deck TFS reeen 4437 7.7TE+01 3.45E+05
prestressing Oslo
Oslo - Tver-
- ducts, Train o e 1200 7.77E+01 9.32F+04
option 2 landsbrua
B lone -
Deck TFS areeone 4437 4.20E+01 1.87E+05
prestressing Oslo
Oslo - Tver-
- anchors Train o v 1200 420E+01 | 5.04E+04
landsbrua
Deck
. Bodg- Tver-
prestressing Truck* 20%* 3.50E+02 7.00E+03*
. landsbrua*
- grouting
Rock . .
. Linkping -
anchoring - Lorry 1000 1.64E+01 1.64E+-04
Stavanger
tendons
Rock
anchoring - Nords;j -
) Lorry 1400 9.56E-01°* 1.34E+03*
plastic Stavanger
ducts
Rock .
. Duisburg -
anchoring - Lorry 1200 5.00E-01°* 6.00E+02*
Stavanger
grease
Rock
anchoring - Subingen -
Lorry 1700 1.00E+00* 1.70E+403*
anchor Stavanger
heads
Rock
anchoring - Stavanger -
Lorry 1500 1.88E+01* 2.83E-+04*
assembled Bodg
cables
Continue on next page
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Continued from previous page

Amount of

Mean of . Amount of .
. Distance kilometre-
Material transporta- Route transported
i (km) i ton
tion material (t)
(tkm)
Rock
OC_ Bodg- Tver-
anchoring - Lorry* 20%* 5.90E+00 1.18E+402*
) landsbrua*
grouting
Trondheim -
Formwork Lorry Tverlands- 700 4.81E+02 4.81E+05
brua
Asphalt Lorry* NR 100* 2.96E+03 2.96E+05*
Curing and
chemical Lorry N/A 700 1.77E+01 1.24E-+04
compounds
Brid
H ] 8¢ Oslo - Tver-
bearings Lorry 1200 2.09E+01 5.00E+4-04
. landsbrua**
and joints
Railings
and Lorry* N/A 1000* 7.26E+02 7.26E-+05%
parapets
Bored piles Germany -
- steel Lorry Tverlands- 2000* 8.80E+01* 1.76E+05*
casings brua
Oulainen
Steel pi Finland) -
e’ pipe Lotry (Finland) 863 1.68E 102 1.45E 105
piles Tverlands-
brua
Ground
works - Lorry* NR 100* 1.40E-01 1.40E+01*
explosives
Ground Tomma -
works - TFS Tverlands- 145 4.38E+03 6.34E+4-05
gravel brua
Other Lorry* NR 400%* 5.06E+02 2.02E+05

* Estimations.

** 2 travels required.

Table 4.3: Transportation of meterials
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Transportation of equipment. In this section are considered all machinery equipments and

temporary products of the bridge construction phase (scaffolding, etc.). All transportation

distances are hence counted twice since the rented material or equipment will be sent back

at the end of the construction phase.

Table 4.4 shows the mean of transportation, route, distance, amount of equipment trans-

ported and amount of kilometre-ton per equipment category. TFS and lorry > 16t,

average fleet are still selected from the database. Even if some machinery equipment are

directly driven to the site (drilling rig, piling rig), lorries are the only means of transporta-

tion available in the database to model transportation of heavy machines. Transportation

of machinery equipment for ground work (excavator, loader and driller) is not included

since the subcontractor headquarters are based less than 1 km from Tverlandsbrua.

. Amount of | Amount of
Mean of Distance .
. transported | kilometre-
Equipment | transporta- Route one way .
. equipment ton
tion (km)
(t) (tkm)
Scaffolding Lorry NR 1400 7.50E-+02* 2.10E+06*
. Germany -
Bored piles
. ] Lorry Tverlands- 2000* 1.75E-+02* 7.00E+05*
- drilling rig
brua
Steel pipe Gteborg -
piles - Lorry Tverlands- 1475 9.50E+01 2.80E4-05
piling rig brua
Kjeller -
Tower
Truck Tverlands- 1200 2.00E+02 4.80E+05
crane brua

* Estimations.

Table 4.4: Transportation of equipment

Regarding the tower crane transportation, it is hard to allocate the burdens to specific categories

since the crane helps handling all elements at site. An allocation based on a weight criteria

is performed in table 4.5. The total burdens due to crane transportation (4.80E+05 tkm) is

allocated according to the proportional weight of each component category.
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. Superstructure
Element Weight . Superstructure Substructure
Weight (%) - non-
category (tons) - structural - structural
structural
Total 5.02E+04 100.00 75.85 1.51 21.67
Concrete 4.35E+04 86.58 66.38 0 20.19
Reinforcing
3.25E-+03 6.48 5.18 0 1.30
steel
Prestressing 9.88E+-02 1.97 1.92 0 0.05
Scaffolding 7.50E+02 1.49 1.49 0 0
Railings 7.26E+02 1.45 0 1.45 0
Formwork 4.81E+02 0.96 0.83 0 0.13
Bearings 2.09E+01 0.04 0 0.04 0
Curing 1.77E+01 0.04 0 0.03 0.01
Other 5.06E+02 1.01 - - -

Table 4.5: Weight analysis for electricity supply allocation

Transportation of personnel. In this section are included the transportation of personnel
during the construction phase of the bridge. This personnel includes all members of the
construction site team (workmen, drivers, site managers, etc.), representing 20 persons in
total. The personnel works on site 6 weeks in a row and rests for 3 weeks at their home
place. Travels between home places and construction site are made by plane, with an
average distance of 1650 km (one way). An allocation of the total transportation based

on the weight analysis showed in table 4.5 is realized.

Table 4.6 sums up information about transportation of personnel.

Item Amount Unit
Hired personnel 20 p
Total number of
45 p
travels (both ways)
Traveling distance
1650 km
(one way)
Total
. 1.485E+06 pkm
transportation

Table 4.6: Transportation of personnel

Construction on the site

This section covers all processes related to energy consumption on the site. This consump-

tion mainly comes from the cranes and other machinery equipments and use of petrol for boat
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transportation on the site (displacements between the abutments and to the column at axis 4).
As this bridge is currently being constructed, having an accurate estimation of the total energy
consumption for the overall construction period is a complicated task. Moreover, allocation
methods have to be used since the amount of energy consumed can only be obtained in a bulk

sum (power supply invoices, total number of gas cans bought, etc.).

There are three permanent sources of energy consumption at site: electricity, diesel and gaso-
line. Electricity is used for crane power supply, diesel for building machines and gasoline for
displacements by boat. The energy is provided by the contractor during the entire construc-
tion period. The average energy consumption per month (from August 2011 to April 2012) is
displayed in table 4.7. The data are provided by the contractor and are used to calculate the
energy consumption for the overall construction period. An allocation procedure for electricity,

diesel and gasoline consumption based on the weight analysis from table 4.5 is realized.

Source of
Energy .
consump- Amount Unit
category .
tion
Electricity | Tower Crane 15000 kWh
Diesel Mobile cranes 3000 1
t tati
Gasoline ratisportation 800 1
by boat

Table 4.7: Average energy consumption on the site per month

Electricity : the handling by the tower crane of the following element categories are considered
for allocation of the power supply: scaffolding, concrete, reinforcing steel, formwork,
prestressing work, curing compounds, bearings and joints, railings and parapets and other.
Most of these elements are handled and installed by the fixed and mobile cranes, but other
devices can be used (e.g. strand pushing machine for threading of the strands, hydraulic
pump for stressing, etc.); however the infrastructure use is not considered in this analysis
since no data are available. A Norwegian production mix is selected from the database

to model the power supply process.

Diesel : diesel burnt in building machine is considered for mobile cranes. A process modeling
the diesel burnt in building machine is selected from the database, including the machine

infrastructure, lubricating oil and fuel consumption. [25]

Gasoline : gasoline is used for displacements by boat on the site. Heavy fuel oil is selected

from the database.

Other temporary sources of energy consumption on the site are the use of tugboats during

the construction of the caisson, use of boring and piling rigs for the piles and excavation of
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material. Those processes are considered separately since the subcontractors used their own
energy supply. Data related to the type and amount of energy consumed are provided by the
subcontractors or based on own assumptions and are shown in table 4.8. Heavy fuel oil for
the tugboats (infrastructures not considered) and diesel burnt in machinery (infrastructures

considered) are selected from the database.

Energy .
Source Amount Unit
category
. . Tugboats for
Marine oil )
. the caisson 28700 1
diesel ]
construction
Diesel Piles boring 28000 |
Diesel Piling rig 30000* 1
. Excavation
Diesel 3000 1
above water
. Excavation
Diesel 4125% |
below water
* Estimations.

Table 4.8: Secondary sources of energy consumption during the construction phase

Finally, there are other probable sources of energy consumption during the construction period.
However, as these elements are often small processes very complicated to assess, they are
deliberately omitted since their contribution to the overall impact would be insignificant. These

elements (directly taken from the bill of quantities) are:

Barracks: comprises transportation and power supply of the barracks. No information is

provided about the consumption and assumptions would be very uncertain.
Logs: comprises recording of logs.
Supplementary site investigation: extra time used for site investigation.

Driving procedures for steel pipe piles: comprises driving and splicing (if applicable) of

steel pipe piles.
Preparatory works for rock footing: comprises rigging and drilling for rock footing.

Chiselling /stop criteria in rock: comprises chiselling of the rock shoe into the bedrock to

establish a rock footing.

Fine scaling of blasted rock surface: comprises fine scaling of blasted rock surface, includ-

ing rough scaling.

Core drilling: Comprises drilling, removal, packing, storage and if relevant dispatch of rock

and concrete cores, as well as any refilling of drillholes.
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Dynamic control measurements (PDA measurements etc.): comprises all materials, works

and documentation related to dynamic control measurements.

Waiting time and operating time: comprises unforeseen waiting time caused by the Project

Owner.

Cutting of steel pipe piles: comprises cutting of steel pipe piles as well as delivery and

mounting of pile heads.

Location of cables and service pipes: comprises collection of information regarding cables

and service pipes in the ground.
Rigging: comprises all rigging works not considered previously.

Anchoring pipes/inspection ducts: comprises delivery and all works connected with an-

choring pipes and inspection ducts fixed to the reinforcement cage of the bored piles.

Grouted bolts in rock above water: comprises installation of bolts/dowels in rock above

the groundwater level or in a drained construction pit.

Earthing points for corrosion inspections: comprises installation of earthing point for

corrosion protection.

Screeding and trimming of concrete surface: comprises final surface treatment in terms

of sealing and smoothing of the concrete surface.

Heating of adjoining structural components: comprises heating of structural compo-
nents against which concrete is placed, to avoid large temperature differences between

cast sections.

Injection hose: comprises delivery and installation/embedding of injection hose with acces-

sories and actual pressure injection of epoxy or polyurethane.

Connections: comprises special works with waterproofing and surface course at bridge deck
side and end edges, connections with kerbing, edge beams or concrete parapets, guardrail
posts, water outlets and with asphalt surface courses on abutting roads as well as laying

in parapet area.

Anodes for cathodic protection: comprises delivery and installation of sacrificial anodes
and anodes with impressed current for cathodic protection and connection to steel and

power supply.

Reference points: comprises delivery and installation/grouting in position of bolts for mea-
suring joint movements, levelling and position determination (reading of coordinates).
Comprises precise measurement of reference point immediately after establishment and

reporting.

Mooring equipment (pullers, bollards): comprises delivery and installation of mooring

equipment.
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Waste management on the site

Waste management on sites is strictly regulated in Norway. The Statens Vegvesen tendering
documents specify that at least 70% of waste should be sorted [37] on Tverlandsbrua site. The
materials are sorted in four main categories: wood, steel, clean cardboard and others. The
main sources of waste are wooden formworks and planks, reinforcing steel and cardboard from
packing. Table 4.9 shows the average amount of sorted material per category during the period
August 2011 - April 2012, except for wood. The data are provided by the contractor.

Waste .
Source Amount Unit
category
Reinforci
Steel croreing 6.23 "
steel
Clean Packi 0.16 "
cardboard ackiig ’
Other Mixed waste 2.48 t

Table 4.9: Average amount of sorted material on the site per month.

We assume that steel and clean cardboard are 100% recycled and that mixed waste is landfilled.
Since the benefits from recycling shall be attributed to other projects, recycling processes are
not considered here, and as the composition of the mixed waste is unknown, the landfilling

process is not considered either. The processes considered are then:
Transportation of reinforcing steel: a transportation distance of 300 km is considered.

Transportation of formwork: we consider that 100% of the plywood used as formwork is

transported to a recycling plant. A transportation distance of 300 km is assessed.

Others

In this section, processes that could not be clearly attributed to an element category (even

using allocation procedures) are regrouped. The processes considered are:

Transportation of clean cardboard and mixed waste: a transportation distance of 300

km is considered.

Transportation of the products from the production phase category Others: a trans-

portation distance of 400 km is considered.
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4.2.3 Operation phase

The operation phase considers all impacts due to the use of the bridge during its life cycle.
Two main processes are considered: traffic-related emissions, including traffic growth rate and
power supply for public lighting. Power supply for internal lighting and other electrical devices

are not, considered since it is very complicated to be assessed and no data are available.

Traffic related emissions. Estimation of the annual average daily traffic by Statens vegvesen
at the bridge opening in 2013 and closing, estimated to be in 2113, are 8600 and 15000
veh/day all lanes considered, respectively. From these data are calculated an annual
growth traffic rate, assuming a geometric progression, and the total number of vehicles

for the 100-year expected life cycle. The results are shown in table 4.10.

Value Unit
AADT year 0 8600 veh /day
AADT year 100 15000 veh /day

Common ratio of the

= (18000)1/100 — 1,00588
geometric expansion 7= 8600 )

Annual growth traffic rate 0.558%
— 8600 % 1=1.0058810
Cumulated AADT ¢ . ;5E1;6(6)50588 veh /day
. t =1.14739E + 06 % 365 =
Total number of vehicle veh

4.19E4-08

Table 4.10: Calculation of the total number of vehicles for the 100-year expected life cycle.

Operation processes for transportation, quantified in vehicle-kilometres (vkm), are se-
lected from the database. We assume 80% of diesel cars, 10% of petrol cars and 10% of
lorries > 16t, fleet average. Only vehicle operation is considered, not the vehicle infras-
tructure. The wearing down of the road infrastructure is assessed in the maintenance and

repair phase.

Power supply for public lighting. Public lighting for the entire bridge life cycle is the sec-
ond operation process considered. Only energy consumption from the lamp posts is as-
sessed (no electrical installation or maintenance of the light bulbs considered). Two types
of mix are available in the database: production and supply mix. The production mix only

considers domestic consumption (i.e. no trades with other countries), while the supply
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mix also considers imports and exports of energy [27]. In order to simplify our analysis
and results interpretation, a Norwegian production mix is selected from the database.
Data are provided by Statens vegvesen and Datek, a company providing communication

systems for public and private services. Data are shown in table 4.11.

Item Amount Unit
Number of lamp
30 p
posts*

Life time 100 years
Type of lamp* 250 W
Yearl
] ear' Y av:erage 4000 hrs/year
lighting time**

Total energy
) 3E+06 kWh
consumption

* Source: Statens Vegvesen.

** Source: Datek.

Table 4.11: Total electricity consumption for public lighting.

4.2.4 Maintenance & repair phase

The maintenance & repair phase considered in this analysis is divided in three main processes:
a simple visual inspection every year, a main inspection every 5 years (including cable and
underwater inspections) and a new asphalt course every 3 years. No important structural
maintenance or repair interventions are considered since the bridge is supposed to be designed
for a 100-year life cycle without repair. Accidental repairs are not considered either because no

data are available.

Simple visual inspection (every year): according to the Statens Vegvesen Handbook n.
136 - Inspection for bridges [22], no special equipment is required for this inspection.
Hence, we just consider the transportation of the staff to the bridge site (1 vehicle, both

ways), assuming a distance of 500 km.

Main inspection (every 5 years): according to the Statens Vegvesen Handbook n. 136 -
Inspection for bridges [22], this inspection requires machines for inspection (lifter). We
assume that the machine is rented 200 km from the bridge site and we select a building
machine from the database, working for 8 hours. We also consider the transportation of
the staff to the bridge site (1 vehicle, both ways), assuming a distance of 500 km. Table

4.12 shows assumptions made for the main inspection.
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Item Amount Unit
Life time 100 year
Frequency of
. . 5} years
inspection
Cars for staff )
. 1 unit
displacement
Distance traveled
1000 km
by car, both ways
Total car operation 2.00E+04 vkm
Machines for )
. . 1 unit
inspection
Distance traveled
by the machine, 400 km
both ways
Total machine
. 8.00E+03 vkm
operation
Number of
working hours (per 8 hrs
inspection cycle)
Diesel
) 174 kg /hrs
consumption rate*
Diesel
consumption per 0.023 kg/MJ
unit*
Total diesel burnt
in building 6.05E+03 MJ
machines
* Source: Ecolnvent database v2.2.

Table 4.12: Data for main inspection assessment.

Asphalt course renewal (every 3 years): the renewal of the asphalt surface course is con-
sidered. A 20 mm thick layer is removed from the wearing course due to the wearing
down by the use of spiked tires in winter, representing 510 tons of asphalt each time.
Removal of the old course as well as its transportation to a landfilling area and a sanitary
landfilling process are also included. The re-asphalting process is the same as used for
the first time, i.e. a mastic asphalt process including the laying and compacting of the
layers with building machines. The transport of new asphalt to the bridge is considered,
consideration a distance of 100 km. Traffic disruption due to the maintenance works are
not considered since each traffic lane is renewed one after each other, and the operational

traffic lane still have sufficient capacity. Some traffic jams could occur in the future due

Thomas Dequidt 81 Master Thesis NTNU 2012



CHAPTER 4. CASE STUDY: TVERLANDSBRUA

to traffic growth rate, but this cannot be accurately quantified and then is not considered.
Since the frequency of asphalt course renewal is quite high, a sensitivity analysis consid-
ering lower frequencies of asphalt maintenance is performed later in this report. Table

4.13 shows the main assumptions for asphalt course renewal.

Item Amount Unit
Life time 100 year
Frequency of
. . 3 years
inspection
Amount of asphalt
510 tons
replaced for cycle
Number of
. 100 hrs
working hours
Diesel
) 17.4 kg /hrs
consumption rate*
Diesel
consumption per 0.023 kg/MJ
unit*

Total diesel burnt
in building
machines for 2.50E+-06 MJ

removal of asphalt

course

Transportation of
new asphalt to the 1.68E-+06 tkm
bridge

Total amount of
landfilled asphalt

1.68E-+07 k
(transportation + &
included)
Total amount of
1.68E4-07 kg

asphalt renewed

* Source: Ecolnvent database v2.2.

Table 4.13: Data for asphalt course renewal.
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4.2.5 End-of-Life phase

In order to perform the EOL phase, cut-off criteria have to be used. Indeed, as end-of-life
information is not available for all components, only the main ones are considered. Hence,
all elements whose weight is inferior to 1% of the overall bridge weight are omitted. The ele-
ments considered in this phase are then reinforced concrete, asphalt, gravel (used for backfilling
against the abutments and as ballast in the caisson) and steel from prestressing, railings and
parapets, totalizing 98.6% of the overall weight, as shown in figure 4.16.

A
~g Tverlandsbrua
3 |
S [ | I |
S Reinforced
o 0, 0, 0
B oncrete (83.8%) Gravel (6.4%) Asphalt (5.3%) Steel (3.1%)
Q|| ------p-—— e
= Deconstruction Stocking area — Recycling Weight < 1%
g Sorting = Sanitary landfill
5
S
(=]
@ Recycling
= Sanitary landfill
v

Sy boundaries

————— Limit Foreground-Background

[ Foreground processes

N Full background processes: material, transportation, energy use, infrastructure
I Partial background processes: material, transportation, energy use (partially)
I Excluded background processes

Figure 4.16: System boundary of the end-of-life phase.

The accuracy of the results for this phase are disputable since improvements in EOL treatment
technology in 2113 could lead to other scenarios (improved sorting and recycling rates so less
landfilling, improvement in deconstruction technologies, etc.). The consideration of different
EOL scenarios would be interesting here, but this is beyond the scope of this study and is
subjected to time and data limitations.
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Reinforced concrete i.e. concrete and reinforcing steel, represents 83.8% of the overall bridge
weight. An EOL treatment from the databse is selected, divided in three main process:
deconstruction, sorting and disposal. The Fcoinvent center realized different reports for
life cycle inventories per field of study. A reinforced concrete sorting process is selected
from the database. The reinforced concrete is first dismantled, considering energy con-
sumption and infrastructure. The infrastructure is built up considering average efficiencies
of different dismantling machines (hydraulic rock chisel, concrete claws, concrete saws,
etc.). The dismantled reinforced concrete is then transported to a sorting plant, where
it is separated in two disposal categories: 61.2% is to be recycled and 38.8% is to be
brought to a sanitary landfill [38]. For this latter disposal phase, transportation to a
sanitary landfill and landfilling are included in the database process. For the recycled
part, we consider an average distance of 100 km between the sorting and recycling plants.
The recycling process is not considered for the same reasons as waste management on the

site.

Gravel used for backfilling against the abutments and as ballast in the caisson represents
6.4% of the overall bridge weight. Only transportation of the gravel to a stocking area is
considered, assuming a distance of 100 km, since gravel is an inert material that can be

directly reused in other projects.

Asphalt & waterproofing constitute 5.3% of the overall bridge weight. The process consid-
ered here is the same as for maintenance operation, i.e. the waterproofing and asphalt

layers are removed and transported to a sanitary landfill.

Steel from prestressing work, railings and parapets represent 3.1% of the overall bridge weight.
The steel is assumed to be recycled and we consider a distance of 100 km to the recycling

plant. The recycling process is not considered.
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4.3 Results,

S1S

interpretation and further analy-

In this section, the results from the LCIA phase are presented and interpreted; and uncertainty
and sensitivity analyses are performed. The results are given for the impact category climate
change and are presented in four different ways: overall results, results per function category,

results per life-cycle phase and result per component category. The identification of the four

types of presntation is displayed in figure 4.17.

Production | Construction | Operation | Maintenance | End-of-life
© [ Scaffolding X
—
5]
3 || Concrete X X X X
7 XX
® Steel X X X X
=]
o g Formwork X X X X
2|8
s|g Prestressing X X X X
%1a
§ =i || 'nspection X X
o Ground & Underground works X X X
5 Piles &Caisson X X
—_—_—_—.————,— ———,— — — — — —_—_— —_,_— e —.,.—
g Curing X X X X
5
& || Asphalt X X X
=]
c X
! Bearings&joints
[
é Railings&parapets X X
=]
|| public lighting
£y
@ | Traffic-related emissions
o~
4:others || Others X X
L | | | | | |
Life cycle phases
Product categories
Function categories
Complete system
X Processes included (one X per life cycle phase, product category and function category)

Figure 4.17: Presentation of the four result categories.

4.3.1 Overall results

The overall global warming impact, all life cycle phases considered, is 6665 kgCOs-eq per FU
(the FU is defined as 1 square meter effective bridge deck area through a lifetime of 100 years).
The bridge deck area is 15711.5 m?, which makes an overall impact of 104717 tCOs-eq for
the 100-year expected lifetime of the bridge. The burdens from the operation phase represent
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79.6% of the overall impact, clearly overcoming the other life cycle phases. This is due to huge
impacts from traffic-related emissions during the 100-year life cycle phase. The consideration
of these emissions will be further detailed in the interpretation of the operation phase. If we
omit the operation phase, the overall global warming impact is reduced to 1358 kgCOs-eq per
FU.

If we compare the overall global warming impact with similar studies and without considering
the operation phase, we find out that the results are in the same range. The average value from
the literature review of concrete bridges was 1590 kgCO,y per FU (see table 2.1), while this
study scores about 1258 kgCO, per FU. Comparisons with individual studies will be performed

in the discussion part.

4.3.2 Results per function category

Four function categories are identified in this project: the structural part of the superstructure
(BridgeSupl), the non-structural part of the superstructure (BridgeSup2), the substructure
(BridgeSub3) and Other. If we include impacts from traffic-related emissions, BridgeSup2
greatly overcome other categories. This life cycle phase is then omitted in order to show more
clearly the share of impacts between the different function categories but is obviously identified
as a hot spot of this study. Figure 4.18 shows shares and amounts of global warming impact

per function category.
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Figure 4.18: Global warming impact per function category.
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Figure 4.19 shows global warming impact shares between the different components included in

BridgeSupl and BridgeSup2 categories. For BridgeSupl, concrete, prestressing and reinforcing

steel account for 53.6, 25.1 and 13% of the impacts, respectively. For BridgeSup2, asphalt and

railings & parapets account for 64.1 and 34.4% of the impacts, respectively.
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Figure 4.19: Global warming impact shares within BridgeSupl and BridgeSup2 categories.
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4.3.3 Results per life-cycle phase

5 life cycle phases were considered in this study: material production, construction, operation,
maintenance & repair and end-of-life. Figure 4.20 displays shares and values of global warming

impact per life-cycle phase.
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Figure 4.20: Global warming impact per life cycle phase.

The inclusion of the operation phase clearly shows that this life cycle phase overcomes the
others. The material production phase comes in second but the impacts are about 5 times
lower than those from the operation phase. The rest of the impacts are scored decreasingly by
the maintenance & repair phase (about 3 times lower than the material production phase), the
construction phase and the end-of-life phase (each of them being about 2 times lower than the
maintenance & repair phase). Important differences of the impact shares between the life cycle

phases are then analyzed.
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Material production phase

The overall impact from the material production phase is 874.7 kgCOs-eq per FU, representing
64.4% of the overall impact of the bridge (operation phase excluded).

The elements accounting for the most important shares are: concrete (41.5%), railings & para-
pets (18.6%) and prestressing (17.6%). These elements prevail on the others since production
of cement and steel represent huge amounts of material and their production processes lead
to large emissions of greenhouse gases. Figure 4.21 shows global warming impacts from the

production phase.
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Figure 4.21: Global warming impacts from the production phase.
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Construction phase

The overall impact from the construction phase is 127.2 kgCOs-eq per FU, representing 9.4%

of the overall impact of the bridge (operation phase excluded).

For construction, the main sources of emissions are: concrete (31.1%), piles & caisson (18%),

reinforcing steel (17%) and scaffolding (14.4%). The crucial factors considered here are amounts

of transported material, transportation distances or both at the same time. Figure 4.22 shows

global warming impacts from the construction phase.
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Figure 4.22: Global warming impacts from the construction phase.
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The transportation represents 76.6% of the construction phase impacts, all means of transporta-
tion considered. Among the means of transportation, lorry, >16t is the most pollution one,
accounting for 74% of the overall impact. Among the elements transported by truck; scaffolding,
reinforcing steel and concrete represent 25, 23.9 and 17% of the impacts from transportation
by truck, > 16t, respectively. Impacts from transport of plywood and reinforcing steel recovery
(waste management on site) are included. Diesel consumption, heavy oil fuel and electricity
respectively account for 22.5, 0.8 and 0.1% of the construction phase impacts. Figure 4.23
shows shares global warming of impacts from the construction phase, means of transportation

and elements transported by truck, >16t.
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Figure 4.23: Global warming impact shares within the construction phase, means of trans-

portation and elements transported by truck, >16t.

Operation phase

The overall impact from the operation phase is 5307.6 kgCOs-eq per FU, representing 79.6%
of the overall impact of the bridge. Traffic-related emissions represent 99.7% of the overall
GWP value from this phase. Burdens from public lighting are then negligible (1.7115 kgCOs-
eq per FU). Traffic-related emissions clearly represent a hot spot for this study. However,
if we consider a larger system including the current road built along the fjord, the bridge
somehow saves traffic-related emissions since the distance is shortened. This aspect will be
further analyzed in the discussion part. Figure 4.24 shows global warming impacts from the

operation phase.
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Figure 4.24: Global warming impacts from the operation phase.

Maintenance & repair phase

The overall impact from the maintenance and repair phase is 274.8 kgCOs-eq per FU, repre-

senting 20.2% of the overall impact of the bridge (operation phase excluded).

Asphalt course renewal emissions represent 99.0% of the overall GWP value from this phase.

Burdens from inspections are then negligible (2.859 kgCOs-eq per FU). The asphalt course

renewal is clearly identified as a hot spot of this study. Figure 4.25 shows global warming

impacts from the maintenance & repair phase.

10%

9%

8%

7%

6%

5%

4%

3%

2%

1%

0%

GWP

300

250

200

150

100

50

M Inspection

H Asphalt

GWP (kgCO2-eq)

Figure 4.25: Global warming impacts from the maintenance phase.
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End-of-life phase

The overall impact from the end-of-life phase is 80.9 kgCOs-eq per FU, representing 6% of the

overall impact of the bridge (operation phase excluded).

Reinforced concrete accounts for the most important share of the overall global warming impact
from this phase, i.e. 85.9%. The impact shares between the different processes are: dismantling
and sorting of reinforced concrete (56.7%), transportation (38.8%), asphalt disposal (4%) and
diesel burnt in machine for asphalt removal (0.5%). Figure 4.26 shows global warming impacts

from the end-of-life phase.
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Figure 4.26: Global warming impacts from the end-of-life phase.

4.3.4 Results per component category and identification of

hot spots

The component categories considered are: concrete, reinforcing steel, formwork, prestressing,
scaffolding, ground & underwater works, piles & caisson, curing, asphalt, bearings & joints,
railings & parapets, inspection and others. Burdens from the operation phase are not consid-
ered since public lighting impacts are irrelevant and traffic-related impacts greatly overcome
the overall results and already constitute a hot spot of the study. Figure 4.27 presents global
warming impact shares between the life cycle phases of the different component categories. We
remind the reader that production of scaffolding equipment is not considered in this analysis
and that production of new asphalt related to the maintenance works is considered in the main-

tenance & repair life cycle phase.
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The different interpretations we can make from figure 4.27 are:

e When both production and construction phases are considered for a component, the
production phase often greatly overcomes the construction phase (concrete, formwork,
prestressing, railings & parapets, bearings & joints, curing compounds and others), except
for ground & underwater works that require more transportation and /or energy use on the
site. Reinforcing steel and piles & caisson share similar impacts between their production

and construction phases.

e Maintenance of asphalt clearly shows that this phase greatly overcomes the other asphalt
life cycle phases, and that the overall share is logical (2 layers of asphalt (leveling and
surfacing courses) for the production and end-of-life phases, 13 equivalent layers of asphalt
(surfacing course renewals) for the maintenance phase, since only 40% of the asphalt

course is renewed each time).
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Figure 4.27: Global warming impact shares between the components life cycle phases.
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Figure 4.28 presents global warming impact values per component category. The identified hot

spots are listed below.

1000
900
800
700 M Production
g 600
~ M Construction
o 500
o
2
400 Maintenance &
300 - repair
200 - | M End-of-life
100 - —
0 -

Concrete

Reinforcing steel

Formwork

Prestressing

Scaffolding

Aspahlt & waterproofing

Inspection

Railings & parapets
Bearings & joints |

Curing compounds

Ground & underwater works

Piles & caisson

Others

Total

Figure 4.28: Global warming values per component category.

Concrete production accounts for 26.8% of the overall bridge impact and overcomes any
other component production phase. When looking at the subprocesses, clinker production

represents 91% of the overall impact. Clinker production is then the hot spot process.

Asphalt maintenance accounts for 20.0% of the overal bridge impact. The impact shares
between the subprocesses related to asphalt maintenance are: asphalt production and
laying (83%), asphalt disposal (6.7%), old asphalt course removal (5.3%) and transporta-
tion of new asphalt to the bridge (5%). Asphalt production and laying is then clearly
identified as the hot spot process.

Railings & parapets production accounts for 12% of the overall bridge impact. The sub-
processes related to railings & parapets production are average steel manufacturing pro-
cess and raw material acquisition of low-alloyed steel, accouting for 48.9% and 51.1% of

the impacts, respectively. Both processes can then be considered as hot spots.

Prestressing elements production accounts for 11.3% of the overall bridge impact. Pre-
stressing production for the bridge superstructure accounts for 98.4%. The impact shares
between the subprocesses are raw material acquisition of low-alloyed steel (70.1%), av-
erage steel manufacturing process (14.5%), wire drawing process (12.6%) and grouting

(2.8%). Raw material acquisition of steel is then the hot spot process.
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4.3.5 Uncertainty analysis

In this section, an uncertainty analysis is performed on data that are not 100% reliable and
that lead to important shares of the overall global warming impact. The elements considered in
this section are shares of reinforcing steel production and amount of steel in railings & parapets
production. Regarding steel prestressing elements (strans, anchor heads and steel ducts), only
the manufacturing process is uncertain (representing 26.6% of the impacts from prestressing
production for the deck), but since no other more accurate processes are available, not much
can be done to improve the data quality. Amount and type of steel are accurate data since

they are provided by the manufacturer.

Shares of reinforcing steel : the shares of reinforcing steel between Badische Stahlwerke
GMBH (German supplier) and Celsa (Norwegian supplier) considered in this analysis
are 70% and 30%, respectively. However, according to the reinforcing steel subcontractor,
the source of the reinforcing steel delivered on the site can somehow vary according to
the stock availability. If sufficient steel is available from the Norwegian supplier, larger
amounts could then be provided by this manufacturer in order to reduce transportation
costs, for example. However, if the Norwegian supplier cannot provide enough steel, more
will be ordered to the German supplier. According to the subcontractor, the shares can
vary between 80%-20% and 60%-40%.

Figure 4.29 shows the differences in global warming impact according to the shares. Pro-
duction and construction phases are considered. From this figure we can state that impact
variations are not very important. The impacts range from 66.73 to 69.28 kgCOq-eq per
FU, which makes a variations of 3.7%. However, we notice than even if more transporta-
tion is required for the German steel, the overall impact is lower when the German steel

accounts for higher shares. Hence, the German supplier is the prefered option.
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Figure 4.29: Uncertainty analysis on the impact shares of reinforcing steel supply.
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Amount of steel in railings & parapets : the calculation of the amount of steel in railings
& parapets is based on a raw assumption. Since no data are available for the products
considered in terms of amount of material, a very uncertain geometrical assumption is
made, multiplying an average steel density by a hand-made calculation of the steel volume.
However, this assumption certainly overestimated the burdens from railings & parapets.
In this analysis, we consider 40% less amount of steel, hence reducing burdens from both

raw material acquisition and manufacturing processes.

Figure 4.30 shows the results from the uncertainty analysis realized on railings & para-
pets. By reducing the inputs of steel by 40%, the related emissions from the production,
construction and end-of-life phases are also reduced by 40%. The impacts from railings &
parapets decrease from 169.9 to 101.9 kgCOs-eq per FU, which makes the overall bridge
global warming impact decrease by 7.5%. Hence, importance should be attributed to the

raw material acquisition and manufacturing processes of these products.
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Figure 4.30: Uncertainty analysis on railings & parapets.

4.3.6 Sensitivity analysis

In this section are considered variations in source and amount of data related to the hot spots
of this study (except for railings & parapets, that were considered in the uncertainty analysis).

The elements analyzed are concrete production and asphalt course renewal.

Concrete production : concrete production represents the most important source of emis-
sions in the bridge production phase. In order to rank the environmental quality of the
concrete used in this project, the sensitivity analysis will focus on comparisons between
the different types of concrete used in this project, a reference concrete and a fictitious
low-carbon concrete. The reference unit for comparisons is the production of 1 cubic

meter of concrete. A fresh concrete at plant selected from the database is chosen as
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a normal concrete reference, including the whole manufacturing process, internal trans-
portation and infrastructure [25]. The fictitious cement is built on the concrete B55 SV-30
(Dmax=22 mm) composition, replacing the Norcem Industrisement, Norcem Standard FA
and Fesil Microsilica by a cement composed of 70% Portland cement and 30% fly ash,
silica fume or other additives without burdens. The ficititous concrete is based on the
composition of a CEM II/B-V cement, according to NS-EN 206-1 standard.

Figure 4.31 shows the results of the sensitivity analysis on the concrete production.

A first remark is that the higher the strength of the concrete is, the higher the emissions

are because more cement is required.

A second remark can be made about the B45 AUV concrete that contains an anti-washout
admixture (modeled as carboxymethyl cellulose). The insertion of this additive increases
the emissions by 6.6% compared to the normal B45 concrete, whereas it only represents
0.2% of the concrete mass. Careful interest should then be allocated to the choice of this

anti-washout admixture.

Finally, we see that the reference concrete (strength B35, using 300 kg of Portland ce-
ment 42.5R) is less polluting than the concretes modeled in this project, which means
than critical interest should be attributed to concrete production. The use of this refer-
ence concrete would decrease the overall bridge emissions by 4.5%. However, the actual
reduction would be lower since this bridge requires mainly B55 concrete strength, while
the reference concrete is a B35. The fictitious low-carbon concrete would be closer to our
case study, since the cement and replacement admixtures amounts are the same but less
Portland cement is used, in the limitations of 30% replacement admixtures. The use of
this ficititous concrete for the overall bridge would decrease the overall global warming
impact by 2.4%.
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Figure 4.31: Sensitivity analysis on the production of 1 m? concrete.
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Asphalt course renewal : this element has been identified as an important hot spot of this
study, representing 20% of the overall bridge impact. As asphalt production has been
identified as the main contributor of the emissions during the maintenance phase, no
interest will be attributed to transportation distances between the asphalt manufacturing
plant and the construction site. Amount of asphalt renewed will not be assessed either,
since only 40% of the wearing course is changed. However, frequency of renewal can
strongly lower the overall impact. We consider different sensitivity parameters that are

frequency of renewal every 5, 7 and 9 years.

Figure 4.32 shows the results from the sensitivity analysis on asphalt course renewal.
The results show that larger frequencies of asphalt renewal would decrease the overall
bridge impact by between 7.9 and 13.4%. The latter is however more unlikely with a
regular asphalt product since the wearing down of the course due to use of spiked tires in
winter requires regular maintenance. However, more durable and environmentally friendly

asphalt products could save important amounts of emissions.
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Figure 4.32: Sensitivity analysis on asphalt course renewal.
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Chapter 5

Discussion

In this section, the results of the literature review, the LCA methodology description and
the case study are gathered and discussed. The purpose of this discussion is to sum up the
important aspects revealed by the thesis and check the consistency of the overall work. The

discussion is divided in different topics.

5.1 Literature review

Among the 45 references reviewed, 2 are very similar to this study since they dealt with a

complete LCA of a concrete bridge, i.e. including all life cycle phases and all bridge elements.

J. Hammervold et al. (2011) [10] found out that the emissions of a concrete box girder bridge
were 600 kgCOq-eq per FU for a relatively small bridge (417 m?). The material production,
transportation, construction, operation (excluding traffic disruption and regular traffic), main-
tenance, repair and end-of-life phases are included; as well as the entire structure (super- and

substructure).

In this study however, the wearing course is renewed every 10 years with 65% of the initial
amount of asphalt. Considering these assumptions for our asphalt course renewal, the emis-
sions from Tverlandsbrua would be brought down to 1219.5 kgCOs-eq per FU, hence decreasing
by 10.2% the overall impact. The remaining difference of emissions between both studies is
partly explained by the amount of concrete required per FU. The concrete box girder requires
0.69 m? concrete per FU while Tverlandsbrua requires 1.16 m® concrete per FU. Hence, Tver-
landsbrua requires 68% more concrete per FU than the box girder bridge. ined by the huge

amounts of steel required for the prestressing elements and railings of Tverlandsbrua.

The French report from the MEEDDM (2006) [15] found out that the emissions of a prestressed
concrete bridge were 1370 kgCOy-eq per FU. The bridge deck area is 495 m2. As previously,
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all life cycle phases and bridge elements are included.

The wearing course renewal of the prestressed concrete bridge represents 1.14 tons of asphalt
per FU, while Tverlandsbrua requires 0.96 tons of asphalt per FU, i.e. 15.8 % less. In addition,
the prestressed concrete bridge requires 1.7 m?® concrete per FU while Tverlandsbrua requires
1.16 m?, i.e. 32% less concrete than the prestressed concrete bridge. However, Tverlandbrua
requires 0.061 tons of prestressing works per FU for the bridge deck while the prestressed con-
crete bridge only requires 0.029 tons per FU, i.e. 52.5% less. The consideration of these three
parameters would bring down the emissions from Tverlandsbrua to 1279 kgCOs-eq per FU.
However the emissions from railings & parapets would be higher for Tverlandsbrua than for

the prestressed concrete deck since the latter uses concrete parapets, much less polluting.

The results of both reviews are quire consistent with our case study. The amount of concrete
per FU for Tverlandsbrua is found higher compared to the concrete box girder since no pre-
stressing is used and the bridge deck area is much more important, requiring a thicker box
girder. However, the prestressed concrete bridge requires much more concrete per FU for the
substructure part than Tverlandbrua. The overall results are found quire similar when consid-

ering close assumptions for asphalt renewal and steel and concrete production.

Finally, the impacts of Tverlandsbrua are found lower than the average impact of steel bridges
(2180 kgCO4 per FU) or steel-concrete composite bridges (2490 kgCO, per FU) identified in
the literature study. This is in accordance with other concrete bridge studies and shows that

concrete as a design material can be chosen for its environmental properties.

5.2 LCA methodology

The complete description of LCA methodology performed in this thesis aimed at building a
robust framework of study for the application of this methodology on the case study Tverlands-

brua. A discussion is conducted for each main phase of LCA methodology.

5.2.1 Goal and scope definition

The initial reason for carrying out the study is the carbon footprint assessment of a Norwegian
bridge using LCA methodology in order to compare the results with future bridge environmen-
tal assessments. Although the case study performed is somehow restrictive since it includes
specific processes, the results constitute a rigid basis for comparisons with other studies. The
definition of the system boundaries and the functional unit was chosen to allow future com-

parisons. The definition of the functional unit somehow skews the results for the entire bridge,
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as the substructure is not clearly represented in the FU. However, the consideration of a two-
dimensional physical parameter, i.e. the bridge deck area, allowed the consideration of both
length and width of the bridge superstructure. As this structural element was identified as
the most polluting one, the choice of a one-dimensional physical parameter would have been
inaccurate. The system boundary excluded all uncertain elements, such as traffic disruption
from construction and maintenance activities or foreseeing of accidental repairs, that mainly
depend on the bridge project. Allocation procedures were sometimes used to share the burdens
of a process between its related subprocesses in order to avoid as much as possible the creation
of independent subprocesses. The category Others is however an exception and could have

been allocated to the super- or substructure elements with more time and information.

5.2.2 Life cycle inventory

The inventory of input flows was realized as precisely and accurately as possible. The source of
input data mainly comes directly from the client or contractors, especially for the production
phase. Hand-made calculations and assumptions were avoided as much as possible. Omitted
input flows are composed of small additional products (grease, supplementary wood and con-
crete cooling), production of temporary equipments (barracks, scaffolding, traveling formwork
system, bracings, temporary covers and cranes) and additional energy consumption on the site
from the barracks and other identified processes. As these processes are not directly related
to the hot spots of this study, we can assume that their omissions do not have an important
impact on the results. Output flows are either collected from the subcontractors or calculated
throughout a reliable generic database. More accuracy could have been brought to the results
by using more EPD declarations or similar for the hot spot elements of this study instead of

generic processes, but such documents have not been found.

5.2.3 Life cycle impact assessment

Only global warming impact category is considered in this study. All output data are col-
lected or calculated using COg-eq units, except for the steel pipe piles (only CO,, CH, and
N,0) and a part of the German reinforcing steel (only CO,). The other greenhouses gases
emitted by these processes are however negligible because of small amounts and low GWP100.
Weighting, grouping and normalization were not considered to keep the transparency of the
results for the project owner. Uncertainty and sensitivity analyses were performed to assess
the consequences of variations in the data. This showed that large amounts of emissions could
be saved by switching a component with a more sustainable one, especially for concrete, steel

and asphalt.

Thomas Dequidt 103 Master Thesis NTNU 2012



CHAPTER 5. DISCUSSION

5.2.4 Interpretation phase

The results of the impact assessment were presented different ways in order to show the most
important sources of emissions per function, life cycle and component category and identify
the hot spots. This allowed us to identify the bridge superstructure, production phase, mainte-
nance phase, concrete, steel and asphalt as major contributors. The completeness, sensitivity
and consistency checks (that were not explicitly included in the analysis) are briefly identified

throughout the interpretation of the uncertainty and sensitivity analyses results.

5.3 Material production phase

This phase was one of the most complicated to assess since it included many processes and
required a huge attention as it was expected to be a life cycle phase accounting for a large share
of the emissions. Consequently, the input data of this phase are the most accurate and precise
of all phases since they were almost entirely provided by the client and subcontractors of the

bridge.

5.3.1 Concrete production

Concrete production (and subsequently clinker production) is responsible for the main share
of the impacts. The sensitivity analysis showed that the environmental performance of the
concretes used in this project could be improved. A low-carbon concrete modeled with 70%
Portland cement and 30% cement replacement admixtures indicated that up to 2.4% of the
overall emissions can be saved. The composition of this cement is however beyond the project
owner concrete regulations about additives, since SV-30 concretes with a durability MF40
should not hold more than 11% and 5% silica fume for CEM I and CEMII/A-V cements,
respectively [23]. Hopefully, changes in regulations in the future years will allow the use of such
low-carbon concretes that are a first step towards the environmental performance improvements

of concrete structures.

5.3.2 Reinforcing steel

The emissions from reinforcing steel production in this study are very low since the manufactur-
ing process is mainly based on electric arc furnace (EAF), which is much more environmentally
friendly than the other common process, basic oxygen furnace (BOF). Even if the transporta-
tion distance required for the German steel (about 2000 km in average) in much more important
than for the Norwegian steel (237 km), the production of the German steel (about 170 kgCO,-eq
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per ton of steel) is twice less polluting than the production of the Norwegian steel. Further-
more, the uncertainty analysis showed that consideration of both steels for the production and
construction phases always favors the German steel in spite of bigger shares of steel products.
Hence, both production and construction phases are important to consider before choosing one

product instead of another.

5.3.3 Prestressing elements & railings

The production of the prestressing elements and the railings & parapets is certainly overesti-
mated due to an average manufacturing process chosen by default and due to the absence of
accurate data for the amount of steel from the railings & parapets production. The results of
the uncertainty analysis show that the overall bridge impact could be actually decreased by
7.5%.

5.4 Construction phase

5.4.1 Transportation

The main source of emissions within the construction phase is transportation. The mean
of transportation lorry, >16t accounts for 74% of the emissions from transportation. The
input data are very accurate since they were almost always provided by the subcontractors of
the project and the process selected from the database to model lorry transportation is quite

representative of the actual mean of transportation.

Allocation procedures for the crane and personnel transportation were made by default but are
not really representative of the actual impacts of these processes. Transportation of personnel
by aircraft is clearly identified as the second most polluting mean of transportation, representing
1.2% of the overall impact. Moreover, only a small team (20 persons) is working on this project.
Reductions in the number of travels, choice of local personnel or use of alternative means of

transportation (train, car, boat) could lower these emissions.

A careful attention should be attributed to transportation by lorry, >16t of the scaffolding,
reinforcing steel and concrete, representing 1.33, 1.27 and 0.9% of the overall bridge impact,
respectively. The scaffolding is rented in Sweden and a local supplier could shorten the trans-
portation distance. The reinforcing steel was considered more performing when produced in
Germany, even if transportation distances are higher, but alternative means of transportation
can be used instead of lorry (train or TFS). The concrete is produced locally (20km), so the

burdens from its transportation can not be easily lowered.
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Finally, in spite of large amounts (4380 tons), the transportation of gravel used for backfilling
against the abutments and as ballast in the caisson did not account for many emissions (0.3%
of the emissions from the construction phase), which means that transoceanic freight ship is an

environmentally performing mean of transportation.

5.4.2 Energy consumption on the site

The assessment of energy consumption on the site was somehow uncertain due to a high num-
ber of assumptions on the input data. Indeed, the consumption of diesel, heavy fuel oil and
electricity was really approximative and subjected to allocation methods based on the relative
weight of each bridge component. However, as impacts from transportation greatly overcome
those from energy consumption on the site, the uncertainties regarding these processes are
then marginal, especially when we consider that the total impacts from the construction phase
represent less than 10% of the overall bridge impact. Nevertheless, as diesel burnt in building
machine is the second most important source of emissions from the construction phase, repre-
senting 2.1% of the overall bridge impact, the actual consumption at the end of the construction
phase should be checked and alternative sources of energy could be considered (electricity or

low carbon diesel).

5.5 Operation phase

This section will focus on the consideration of trafic-related emissions.

Traffic-related emissions in this analysis lead to tremendous changes regarding the overall global
warming impact of the bridge. When included in the analysis, this process accounts for 79.6%
of the overall impact, greatly overcoming any other life cycle phase. However, the inclusion of

the operation phase in our case study depends on the considered approach.

Stricly sticking to the functional unit defined in this project, the emissions from traffic-related
emissions should not be included in the life cycle of 1 square meter of deck since the traffic is not
part of the bridge itself. However, a consequential approach would consider that the realization
of the bridge will result in the circulation of vehicles on it. If we consider that the related traffic
remains almost constant over the 2-year construction period, the impacts from the traffic on
the current road passing along the fjord should decrease since part of this traffic is deported
on the bridge. This would require a larger system considering both life cycle assessments of
the current road and the new bridge, but this is beyond the scope of this study. Moreover,
the intended purpose of this work was to realize a life cycle assessment of a Norwegian road
bridge in order to use the results as a basis for future bridge projects, but traffic is an external
factor of the bridge, mostly depending on the bridge location and not on the bridge design.

This last point reveals that we should blame our cars and not our road infrastructures for such
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emissions, and focus our mind in alternative means of transportation. The latest aspect is
clearly identified in the National Transport Plan 2010-2019. [2]

5.6 Maintenance & repair phase

This section will focus on the burdens from asphalt course renewal.

Asphalt course renewal was identified as a hot spot of the study, representing 20% of the overall
impact. The production of new asphalt has been identified as the main contributor of the
emissions (83%). The results of the sensitivity analysis showed that up to 67% of the emissions
from asphalt renewal can be saved when the wearing course is renewed every 9 years. The main

cause of the wearing down of the asphalt course is the use of skiped tires in winter.

Alternative solutions such as use of more environmentally friendly asphalts or de-icing agents
could be considered. However, the use of such agents are often responsible for an early degrada-
tion of concrete structures due to chloride ingress. Hence, patching repairs, use of anti-corrosive
substances or additional cathodic protection could be necessary and might counterbalance the

emissions saved from asphalt course renewal.

5.7 End-of-life phase

The end-of-life phase mainly considered the sorting process of reinforced concrete, the landfilling
process of asphalt and transportation of the elements to their disposal sites (whether recycling
plants, landfilling areas or stocking areas). This life cycle phase was identified as the less

polluting of all (6% of the overall impacts).

5.7.1 Recycling

Recycling processes were not considered since the related benefits are attributed to other prod-
ucts. However, the benefits from previous recycling processes were included in the assessment
of the reinforcing steel and the steel pipe piles. Use of recycled steel could have been included
in the production of the prestressing elements and the railings & parapets, but this has not

been considered since no data related to amounts of recycled steel were available.

5.7.2 Dismantling and sorting of reinforced concrete

This process accounts for 56.7% of the end-of-life emissions, i.e. 3.4% of the overall impact.

Hopefully, improvements in dismantling and sorting processes within the next 100 years will
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reduce the burdens.

5.7.3 Transportation

This process accounts for 37.7% of the end-of-life emissions. As the transportation distances to
the disposal sites were only based on assumptions, alternative means of transportation (freight

ship, train) should be considered.
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Chapter 6
Conclusions

This chapter draws the final conclusions on this master thesis, considering the findings from
the literature review, the LCA methodology description and the case study Tverlandsbrua;
and gives recommendations for further studies dealing with life cycle assessment of Norwe-
gian bridges. These recommendations are especially addressed to the project owner, Statens

VEGUESEN.

6.1 (General conclusions

This master thesis has been realized in several steps. A literature review has first been per-
formed considering 14 references dealing with life cycle assessment in order to identify the main
aspects that are important to consider when realizing a bridge LCA analysis. A comprehensive
description of LCA methodology based on ISO standards 14040:2006 || and 14044:2006 [5] has
then been realized in order to build a robust framework applied on a case study. Finally, the
carbon footprint assessment of Tverlandsbrua using LCA methodology has been realized, and
the results of this LCA analysis are to be used by Statens veguesen as a basis for the assessment

of future bridge projects.

The literature review allowed to identify the main findings from previous bridge LCAs as well
as average values for carbon emissions and energy use. Material production is often considered
as the biggest contributor. The second most contributing phase is generally either maintenance
& repair or traffic disruption due to construction or maintenance & repair activities. Regular
traffic is never considered. The bridge superstructure is almost always found as the biggest
contributor, especially the structural part. Innovative bridge deck design (ECC link slabs,
HPC concrete, minimized number of girders) is preferred than conventional bridge deck design.

More architectural designs also often lead to more emissions.

Regarding the studies assessing different material choices, concrete is often the best environ-
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mental solution regarding the overall impact. However, for greenhouse gases emissions; steel,
composite or wooden alternatives are sometimes preferred, especially if recycled material are
used. The average carbon emissions for concrete design is 1590 kgCQO,, while those from steel
and composite steel-concrete designs are 2180 and 2490 kgCO,, respectively. Timber design
can be interesting for small structures (about 250 m2 deck area) but no conclusions can be

given for larger structures.

The LCA methodology description has been through all elements specified in the ISO stan-
dards. The methodology has been adapted to the needs of the case study but the goal and
scope definition have been kept wide enough to allow comparisons with future bridge assess-

ments.

Allocation procedures are avoided as much as possible, but a physical criteria (weight) is applied
when no other choice is possible. Data quality requirements specify that the main sources of
input data come from the client and the bridge contractors, and that output data are either
collected from EPDs (or similar) or calculated using an LCA software, but never assumed.

General and specific assumptions and limitations of the study are clearly stated.

The LCI phase is conducted using a decision making-process for input data source selection.
When such data are missing or not provided on time, assumptions are made. The processes
selected from the database for output data calculations are chosen as accurately as possible
according to the information provided by the actors of the project or using a process by de-
fault.

The impact assessment focused on the global warming impact category, as carbon footprint is

the principal concern of the client.

Finally, the interpretation phase is conducted by presenting the impacts throughout different
categories (overall impact, functional categories, life cycle categories and component categories)
in order to identify the main sources of emissions. Uncertainty and sensitivity analyses are per-
formed for uncertain or critical data. A discussion is then conducted to consider all findings

together and suggest some recommendations.

The overall impact of Tverlandsbrua is 6665 kgCO-eq per FU (1 FU = 1 square meter effective
bridge deck area through a lifetime of 100 years), all life cycle phases considered. The impacts
are brought down to 1358 kgCOy-eq per FU when the operation phase (mainly traffic-related
emissions) is not considered. The inclusion of the operation phase somehow depends on the
approach of the study and the choice is left to the decision makers whether they want to consider

it or not. The rest of the results are presented excluding this life cycle phase.

The structural part of the bridge superstructure accounts for 46.2% of the overall impacts,
mainly due to concrete, prestressing and reinforcing steel life cycles. The non-structural parts

of the bridge superstructure accounts for 36.3% of the overall impacts, mainly due to asphalt
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and railings & parapets life cycles. The bridge supestructure is then clearly identified as the
hot spot element of the study.

The production phase is responsible for 64.4% of the overall impact. Concrete is identified
as the main contributor, and a sensitivity analysis shows that a low-carbon concrete (using a
cement containing 30% additives without burdens, such as fly ash, etc.) would decrease the
overall impact by 2.4%. However, current concrete regulations in Norway do not allow such
amounts of replacement admixtures. The other main contributors identified are prestressing
devices (strands, anchor heads, steel ducts) and railings & parapets production, but use of 40%
less amount of steel in the railings & parapets would decrease the overall impact by 7.5%. Use
of recycling steel would also decrease burdens from both elements. Finally, the burdens from
the German reinforcing steel are found unexpectedly low (170 kg COs-eq) but correspond to

the information provided by the supplier.

The construction phase is responsible for 9.4% of the overall impact. Transportation by lorry,
>16t is identified as the biggest process contributor and concrete as the main component
contributor. Transportation distances could be shortened for some elements (the scaffolding
equipment could be rented in Norway, for example) and alternative means of transportation
(TFS or train) could be considered. Reduction of transportation distances for concrete is

however very unlikely for this project (20km) but should be considered in future projects.

The repair & maintenance phase is responsible for 20.2% of the overall impact. Asphalt main-
tenance is the single biggest contributor. Division of asphalt maintenance schedules by 3 would
decrease the overall impact by 13.4%. Use of de-icing agents or more environmentally friendly

asphalts could also be interesting solutions.

The end-of-life phase is responsible for 6% of the overall bridge impact. Dismantling and
sorting of concrete and transportation of the disposal materials are the main contributors.
Improvements in dismantling and sorting processes within the next 100 years and use of alter-
native means of transportation are possible solutions to reduce the impacts from this life cycle

phase.

6.2 Recommendations for future projects

From the previous conclusions, recommendations can be given for future bridge LCAs. These
recommendations are addressed to the intended public of this study, that are NTNU university,
LCA practitioners and Statens vegvesen, but should be especially considered by the decision

makers.

Requirements for future comparisons: comparisons of the results of this study with future
environmental assessments of bridges should first require the investigation of input data
similarities with the hot spots of this study, that are concrete production, prestressing

and railings & parapets production and asphalt maintenance.
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Initial and final LCA analyses: in order to benefit completely from the results of LCA
studies, two bridge environmental assessments should be realized. An initial study (before
the material production phase) could be performed in order to make an early selection of
environmentally performing processes. A final study (after the end-of-life phase) would

aim at checking the accuracy of the data inventoried during the whole bridge life cycle.

Selection of impact categories: global warming impacts are often the main focus of in-
stitutions but other impact categories can be investigated to make a complete bridge

environmental impact assessment.

EPDs: use of environmental performance declarations, environmental reports, etc. are advised
since the output data are directly collected and the risk of using a wrong or inaccurate
generic process in avoided. This should especially be considered for processes leading to

important shares of the overall impact.

Low-carbon concretes: low-carbon concretes are strongly recommended but changes in the
concrete regulations are required to allow the use of such products in future Norwe-
gian bridge projects. For instance, the Norwegian cement producer Norcem provides a
CEMII/B-V low-carbon cement composed of 60% clinker, 30% fly ash, 5% gypsum and
5% of other additives that only produces 488 kgCOs-eq per ton of product (i.e. approxi-
mately 200 kgCO,-eq per m® concrete). [39)]

Recycled steel: if the use of recycled steel is now common in reinforcing steel products, this
is much less common for other steel products, such as prestressing strands, parapets or
bearings. The consideration of recycled steel in these products could however strongly

reduce the impacts from their production.

Carbonation: carbonation process is a very long process, but its consideration over a 100-year

lifetime could result in interesting saves in CO4 emissions.

Uptakes from wood: in wooden construction projects, the consideration of COsy uptakes
from wood during its life could strongly bring down the emissions, as presented in the

literature review [12].

Economic and social impacts: even if this thesis focused on carbon footprint assessment,
economical and social factors should be considered to keep in mind the idea of sustainabil-
ity. Life cycle cost analysis (LCCA) and social life cycle assessment (SLCA) are existing

methodologies considering a product from a holistic approach and could be investigated.

Preliminary works: all works required before the actual construction of the bridge (consul-
tancy, investigations, administrative works, etc.) represent years of works during which
emissions are released. An assessment of such emissions, even if probably very low com-

pared to the overall bridge life cycle impact, could be carried out.
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Global Warming Potential for

Industrial Designation Radiative Given Time Horizon

or Common Name = Efficiency SARt

(years) Chemical Formula (years) (Wm2ppb®  (100yr)  20yr  100-yr  500-yr
Carbon dioxide Co, See belows o1 4x10-2 1 1 1 1
Methanee CH, 12 3710 21 72 25 76
Nitrous oxide N.O 114 3.03x10- 310 269 298 153
Substances controlled by the Montreal Protocol

CFC-11 CCLF 45 0.25 3800 6730 § 4750Q 1,620
CFC-12 CCL,F, 100 0.32 8,100 11,000 § 10900 § 5,200
CFC-13 CCIF; 640 0.25 10,800 | 14,400 | 16,400
CFC-113 CCLFCCIF, 85 0.3 4800 6540 | 6130 2700
CFC-114 CCIF,CCIF, 300 0.3 8,040 § 10,000 8,730
CFC-115 CCIF,CF, 1,700 0.18 5310 | 7370 9,990
Halon-1301 CBiF, 65 0.32 5400 8480 | 7140Q 2760
Halon-1211 CBCIF, 16 0.3 4750 | 1,890 575
Halon-2402 CBrF,CBIF, 20 0.33 3,680 | 1,640 503
Carbon tetrachloride CCl, 26 0.13 1400 2700 | 1,400 435
Methyl bromide CHBr 0.7 0.01 17 5 1
Methyl chioroform CH,CCl 5 0.06 506 146 45
HCFC-22 CHCIF, 12 0.2 1500 5160 | 1,810 549
HCFC-123 CHCL,CF, 13 0.14 90 213 7 24
HCFC-124 CHCIFCF, 58 0.22 470 2070 609 185
HCFC-141b CH,CCL.F 93 0.14 2,250 725 220
HCFC-142b CH,CCIF, 179 0.2 1800 5490 | 2310 705
HCFC-225¢a CHCLCF,CF, 19 0.2 429 122 ar
HCFC-225¢h CHCIFCF,CCIF, 58 0.32 2,030 595 181




Global Warming Potential for

Industrial Designation Radiative Given Time Forizon
or Common Name Lifetime Efficiency SARt
(years) Chemical Formula (years) (Wm-2ppb®  (100yr)  20yr  100yr  500-yr
HCFC-141b CH,CCl,F 93 0.14 2,250 125 220
HCFC-142b CH,CCIF, 179 02 1800 5490 | 2310 105
HCFC-225ca CHCI,CF,CF, 19 02 429 122 37
HCFC-225¢h CHCIFCF,CCIF, b8 0.32 2,030 5% 181
Hydrofluorocarbons

HFC-23 CHF, 210 0.19 11,700 12000 J14.8009 12200
HFC-32 CHaF 49 0.11 650 2330 675 205
HFC-125 CHF,CF, ol 0.23 2800 6350 | 35000 1,100
HFC-134a CH,FCF, 14 0.16 1300 3830 | 1430 435
HFC-143a CH,CF, 52 0.13 3800 5890 | 44700 1590
HFC-152a CH,CHF, 14 0.09 140 437 124 38
HFC-227ea CF4CHFCF, 342 0.26 2900 5310 | 32200 1,040
HFC-236fa CF;CH,CF, 240 0.28 6,300 8100 | 98109 7660
HFC-245fa CHF,CH,CF, 16 0.28 3,380 § 1030 314
HFC-365mfc CH,CF,CH,CF, 86 0.21 2,520 1% 24
HFC-43-10mee CFiCHFCHFCF,CF4 159 04 1300 4140 | 1640 500
Perfluorinated compounds

Sulphur hexafluoride Sk 3,200 0.52 23900 16,300 § 22800y 32,600
Nitrogen trifluoride NF; 740 0.21 12300 §17200§ 20,700
PFC-14 CF, 50,000 0.10 6500 5210 | 7.390Q 11,200

PFC-116 CoFs 10,000 0.26 9200 8630 J12200) 18200



Global Warming Potential for

Industrial Designation Radiative Given Time Horizon

or Common Name Lifetime Efficiency SARt

(years) Chemical Formula (years) (Wm2ppb?  (100yn  20yr  100yr  500-yr
Perfluorinated compounds (continued)

PFC-218 C4Fe 2,600 0.26 7000 6310 | 8830] 12,500
PFC-318 cCiFs 3,200 0.32 8700 7310 [10,300] 14,700
PFC-3-1-10 CFyo 2,600 0.33 7000 6330 | 88s0] 12500
PFC-4-1-12 CsFrz 4,100 0.41 6510 | 9,160] 13,300
PFC-5-1-14 CeF 1 3,200 0.49 7400 6600 | 9,300 13,300
PFC-9-1-18 CyoF1a >1,000¢ 0.56 25,500 [-7500] =>8,500
trifluoromethyl SF,CF, 800 057 13200 [17,700] 21,200
sulphur pentafluoride

Fluorinated ethers

HFE-125 CHF,OCF, 136 0.44 13,800 [14,900] 8450
HFE-134 CHF,OCHF, 26 0.45 12200 | 6320 1,960
HFE-143a CH,OCF, 43 0.27 2,630 756 230
HCFE-235da2 CHF,OCHCICF, 28 0.38 1,230 350 106
HFE-245¢cb2 CH,OCF,CHF, 5.1 0.32 2,440 708 215
HFE-245fa2 CHF,OCH,CF, 49 0.31 2,280 659 200
HFE-254cb2 CH,OCF,CHF, 28 0.28 1,260 359 109
HFE-347mec3 CH4OCF,CF.CF; 52 0.34 1,380 575 175
HFE-347pef2 CHF,CF,OCH,CF, 71 0.25 1,900 580 175
HFE-356pcc3 CH,OCF,CF,CHF, 033 0.93 386 10
HFE-449s]

(HFE-T100) C,F OCH, 38 0.31 1,040 297 90
HFE-569sf2 C4F4OC.H, 077 03 207 59 18
(HFE-T200)

HFE-43-10pccc124 CHF,OCF,0C,F,OCHF, 63 1.37 6320 | 1,870 569
(H-Galden 1040x)

HFE-236ca12 CHF,OCF,OCHF, 121 0.68 8000 | 2,800 86O
(HG-10)

HFE-338pcci3 CHF,OCF,CF,0CHF, 6.2 0.87 5100 | 1,500 460
(HG-01)

Perfluoropolysthers

PFPMIE CF,OCF(CF,)CF,OCF,OCF, 800 0.85 7620 [J10300] 12400
Hydrocarbons and other compounds - Direct Effects

Dimethylether CH5OCH, 0.015 0.02 1 1 <<l
Methylene chioride CH,CL, 038 0.03 3 B.7 27
Methyl chloride CH,CI 10 0.01 45 13 4



Appendix C

Contractors list

COMPANY NAME

FUNCTION

Reinertsen

Contracting company realizing the project

Norldland Betongindustri

Delivery of fresh concrete

Norskstaal Delivery of prestressing steeel
Doka Formwork and traveling formwork system
Delivery and installation of prestressing in
MK4

the box-girder

Spennarmering Norge

Rock anchoring

Frico Delivery and installation of scaffolding
M3 Anlegg Ground works
Holmgren Sjgservice Underwater works
Zublin Delivery and installation of bored piles
NSP Delivery and installation of steel pipe piles

Kristiansund Taubatservice

Tugboats for the caisson

KB Spennteknikk AS

Delivery and installation of bearings and

joints

Multi-Bygg AS

Construction and installation of the caisson

Ramirent Barracks on the site
Malthus Barracks on the site
Iris Delivery of waste through and waste
management
ED Knutsen Delivery and installation of the tower crane
Vestkran Delivery of the two mobile cranes
RE Polen Hiring of site personnel and crane operators

Table C.1: List of the bridge contractors and subcontractors.
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Appendix D

Foreground processes

Foreground processes (1/2)

NB: The Norwegian reinforcing steel foreground processes (ReinfSteelNor) do not hold an ID

since the global warming impacts were directly collected and not calculated by the LCA soft-

ware. The process Functional Unit designates the entire bridge.

FULL NAME PROCESS ID|NAME LOCATION CATEGORY SUBCATEGORY UNIT
Functional Unit/NOR///p 10001 |Functional Unit  NOR p
BridgeSupl/NOR/Prod/Concrete/p 10002 |BridgeSupl NOR Prod Concrete p
BridgeSupl/NOR/Prod/ReinfSteelGer/p 10003 |BridgeSupl NOR Prod ReinfSteelGer p
BridgeSup1/NOR/Prod/ReinfSteelNor/p BridgeSupl NOR Prod ReinfSteelMor p
BridgeSup1/NOR/Prod/Formwork/p 10004 |BridgeSupl NOR Prod Formwaork p
BridgeSup1/NOR/Prod/Prestressing/p 10005|BridgeSupl NOR Prod Prestressing p
BridgeSup2/NOR/Prod/Asphalt/p 10006 |BridgeSup2 NOR Prod Asphalt p
BridgeSup2/NOR/Prod/Railings/p 10007 |BridgeSup2 NOR Prod Railings p
BridgeSup2/NOR/Prod/Bearings&joints/p 10008|BridgeSup2 NOR Prod Bearings&joints  p
BridgeSup2/NOR/Prod/Curing/p 10005 |BridgeSup2 NOR Prod Curing p
BridgeSub3/NOR/Prod/Ground&Underwater/| 10010|BridgeSub3 NOR Prod Ground&Underwatep
BridgeSub3/NOR/Prod/Piles&Caisson/p 10011 |BridgeSub3 NOR Prod Piles&Caisson p
BridgeSub3/NOR/Prod/Concrete/p 10012|BridgeSub3 NOR Prod Concrete p
BridgeSub3/NOR/Prod/ReinfSteelGer/p 10013 |BridgeSub3 NOR Prod ReinfSteelGer p
BridgeSub3/NOR/Prod/ReinfsteelNor/p BridgeSub3 NOR Prod ReinfSteelMor p
BridgeSub3/NOR/Prod/Formwork/p 10014 |BridgeSub3 NOR Prod Formwork p
BridgeSub3/NOR/Prod /Prestressing/p 10015 |BridgeSub3 NOR Prod Prestressing p
BridgeSub3/NOR/Prod/Curing/p 10016|BridgeSub3 NOR Prod Curing p
Other/NOR/Prod//p 10017 |Other NOR Prod p
BridgeSupl/NOR/Cons/Concrete/p 10018|BridgeSupl NOR Cons Concrete p
BridgeSup1/NOR/Cons/ReinfSteel/p 10015 |BridgeSupl NOR Cons ReinfSteel p
BridgeSup1/NOR/Cons/Formwork/p 10020|BridgeSupl NOR Cons Formwork p
BridgeSupl/NOR/Cons/Scaff/p 10021 |BridgeSupl NOR Cons Scaff p
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APPENDIX D. FOREGROUND PROCESSES

Foreground processes (2/2)

FULL NAME

PROCESS 1D

NAME

LOCATION CATEGORY SUBCATEGORY UNIT

BridgeSup1/NOR/Cons/Prestressing/p
BridgeSup2/NOR/Cons/Asphalt/p
BridgeSup2/NOR/Cons/Railings/p
BridgeSup2/NOR/Cons/Bearings&joints/p
BridgeSup2/NOR/Cons/Curing/p

BridgeSub3/NOR/Cons/Ground&Underwater/y

BridgeSub3/NOR,/Cons/Piles&Caisson/p
BridgeSub3/NOR/Cons/Concrete/p
BridgeSub3/NOR/Cons/ReinfSteel/p
BridgeSub3/NOR/Cons/Formwork/p
BridgeSub3/NOR/Cons/Prestressing/p
BridgeSub3/NOR/Cons/Curing/p
Other/NOR/Cons//p
BridgeSup2/NOR/Oper/PublicLighting/p
BridgeSup2/NOR/Oper/Traffic/p
BridgeSupl/NOR/R&M/Inspection/p
BridgeSup2/NOR/R&M/Asphalt/p
BridgeSub3/NOR/R&M)/Inspection/p
BridgeSup1/NOR/EOL/Reinf.concrete/p
BridgeSup2/NOR/EOL/Asphalt/p
BridgeSub3/NOR/EOL/Reinf.concrete/p
BridgeSub3/NOR/EOL/Gravel/p
BridgeSub3/NOR/EOL/Steel/p

10022 |BridgeSupl

10023

BridgeSup2

10024 |BridgeSup2

10025

BridgeSup2

10026 |BridgeSup2
10027|BridgeSub3
10028|BridgeSub3
10029 |BridgeSub3
10030|BridgeSub3
10031|BridgeSub3
10032 |BridgeSub3

10033

BridgeSub3

10034|Other

10035

BridgeSup2

10036 |BridgeSup2
10037|BridgeSupl
10038|BridgeSup2
10039 |BridgeSub3
10040|BridgeSupl
10041|BridgeSup2
10042 |BridgeSub3

10043

BridgeSub3

10044 |BridgeSub3

NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR
NOR

Cons
Cons
Cons
Cons
Cons
Cons
Cons
Cons
Cons
Cons
Cons
Cons
Cons
Oper
Oper
R&M
R&M
R&M
EOL

EOL

EOL

EOL

EOL

Prestressing
Asphalt

Railings
Bearings&joints
curing
Ground&Underwate
Piles&Caisson
Concrete
ReinfSteel
Formwaork
Prestressing
curing

PublicLighting
Traffic
Inspection
Asphalt
Inspection
Reinf.concrete
Asphalt
Reinf.concrete
Gravel

Steel

== = M = = b = M = M = I = e = I = I b = =~ A = I = e = e = I = Ty = = B = By = =
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Appendix E

Input data inventory

NB: The values are given for the whole bridge.

Thomas Dequidt 129 Masther Thesis NTNU 2012



8 |p0+3907 B000T df 5U1123g/pold/doN/7dnga3pLg 84 /434 /3urjiom |e1aw a3eiane ‘FuLnpenuew PRpoid e1aw LINJIINUBW ‘UoJI 1583 pUe |3315
3|20+3057 80001 df 5U11e3g/pold/yoN/7dnga3pLg 81 /30 f1uejd 12 ‘u1je3s paseq Jaggni [Rinjeu 11e3q) Jagani |einiey
BY|E0+ 2077 8000T &m BULRag/pold 40N/ 7dnsaEpLg 5 [424 fue| (sEuLIR30) [LIIRW Mel ‘uoll
BP0+ IR T 80001 df 5U1IE3g/pold/yoN/zdngaapLg 3 [434 fueid 18 ‘pako)(e-moy ‘|3315 LIZ1EW Mel (335
8y|50+307 ¢ L0001 &mnc___m&ue&,%z_m%mm%__m 8 /434 /3urjiom |e1aw ageIane ‘Sulnpe nuew pNpoid 3318
3Y|50+397 L L0001 d/s3ul|1ey/pold/yON/zdngaspLg 8[43y uejd 18 ‘pako)|e-moj ‘3315 (s1adesed B SEUIjIRI) [B1A1RW MEI |3315
8490+3957 90007 dfyeydsy/poldfHoN zdnsadpLg 3/ 1seW 535IN03 328405 PUB 3uIjara| Y eydsy
Bilp0+395T | G000 /3 1eydsy/polg/4oN/zdnsaspLg 5y /434 fluauisal 1e ‘Uswniig
8y|50+35 T 90001 dyeydsy/pold /40N zdngadpLg 81 /0D f3uiw e ‘pues J3he| Sunjooidialem pueg
3|50+35E T 90001 dfyeydsy/pold/4oN/zdngaspLg 84 [H) [2uiw e ‘paysni ‘|aneil Jahe| Bunoosdiatem ‘|aneln
84|50+306°% 50007 d/5uissansaly /poldfHon/TdngaspLg 8 [H) /uejd 18 ‘JevoW JUSWAD
8450+218T S000T d/uIssansald /pold fHon/Tdnsadpig 2 (434 [3uriiom |E13w agelane ‘SuLneinuel pnpoid 330 55320/d SULINDEINUEW 'SINP PUB SIoyIuY
84|50+3/9°¢ £000T dfsul 14/pold 40N/ TdngadpLig 8[43y /13215 ‘Buimelp aum 55330.d FuLINPeINUBW ‘SpuUBlS
8Y|50+359% c000T d/su 14/P0Jd/4ON/Tdnga5pLg 8[43y uejd 12 ‘pako)|e-mo| ‘3315 11218W Ml ‘(3315
£W(70+395°9 H000T d/yomuwiod/poid/yoN/TdngaspLg £l /43y /ue)d 1 3sn Jooping ‘poomAjd Y10MILI0) pOOMA|4
UMA|SO+3022TTE | £000T d/1a3a153u124 /pald/40N/TdnsapLg YA /30 /30 ¥iw uoipnpoid ‘aupag ienpa.d 3335 AuIiojuIa) Joj 3sn A&iau3
WH|S0+IT0L6T T | Z000T [a130u0)/po4 /40N Tdnsa5pLg WYL /43y [adeiare 133)) 29T< Auo| ‘Vodsuen
W31190+3878BE L | T0OOT [a13u0)/pald/40N Tdnsa3pLg Wi 300/
UMA(P0+3E2090°L | 20001 [1212u0)/pold/HON/Tdnga3pLIg UMY /ON /ON X1 uoipnpoid Hiaupna)a BUIXIL Joj 35N AZI3U3
5| p0+355569°T | Z000T [a1310u0)/poid 40N TdnsaEpLg 2 434 fueid 18 ‘BuiwejouRylalp
5Y|S0+31888TT | 20001 [2130u0)/poJ4 /40N TdnsaspLg Lol wnipos
5|0+ 3825879 | 20001 d/3120u0)/poid /40N Tdnsa5p1g 5 [434 fueid 18 13111 2 jA0e
5Y|90+36L96ET | 20001 [1213u0)/pold /40N Tdnga3pLIg 5 {424 /1350 18 ‘I=1em dey J=1Emp|o]
84|90+3709867 | Z000T [31310U07/pold/yoN/Tdnga3pLg 81 [H) fuejd 18 ‘575 7 55813 YI5USAIS WaWA) puejuod 4575 U3 W32 pUBUa4
B4|0+368706T | Z000T [a13.0U0)/poid/§ON/Tdn5350LIg B [H) /21w 12 ‘paly1zadsLn ‘anels (wzz-g) [3nes
BY|L0+3T98FTT | 20001 dfa130u0)/poid /40N TdnsaEpLg 5y [H) 3uiw e ‘pues (Wwg-) pues
wn|  ampA | @dy oy ssa301d pungJbaio4 2Dy 550010 pung.ByIng 7°ZA Juanujo alpu ssa001d puno.byng




CW|704350T 00T d/yomwiod/pald /40N /cansadpLg CW [y34 fueid 12 ‘3sn Joopino ‘pooAid J10MWLIO} POOMAI

UMA P0+30LTE L | ET0OT /130315013y /pold 4ON /EansadpLg UM /30 3 131 1o 351 Aaiau3
W p0+3T0C0T'S | ZT00T d/3130U0)/pol4 40N /cansaapLg W3 /43y [23esane 123} 197< Auio) ‘Wodsues lenadsuel)
WH(90+3/65ST T | ZI00T d/3130U0)/pald/4ON/EangapLg W1 /300 /diys 113y J1ue=nosuen ‘uodsuen neyodsuel]

UMA #0+38TBETT | TT00T d/3130ua)/polg /40N FansaanLg UM foN 0 CELE
B E0+30095LT | TIO0T df2120u0/poig /HON/cansazpg 5 /434 f1ued 1e ‘Sapmod '3sojn 21 hupawhogie -y
1|E0+3908496 | TT00T 0/2130U0)/paig /40N EansaapLg B [43/ :
Y E0+356600S | ZI00T d/3130ua)/polg /40N Eans3anLgRY /019 /wue|d 1e uornpoid apliojy [pe BUIpIelR a3
B \0TI6LZET | TIO0T 0/2130U0)/paid /40N EansaapLg B [434 ] [1421jAe {158 diadng
8Y|S0+31985H L | ZT00T d/3130U0)/pald/4ON/EangapLg 2 (434 /135N 1e 1=iem dey RIemp|n)
24(90+3%658T | ZT00T d/2130U0)/pold/4ON/cangazpLg B [H) fiueyd 18 ‘575 7 5580 YIEURNS TUaLWRD puejliod 477 1AL pUe U4
5|90+ 008°C | ZT00T d/2130u0)/poJd 40N/ cqnsadpug B[/ aness (W7z-g) |3ne
B|90+391L29% | TI00T d/3130ua)/polg /40N FansaanLg ) W) [3u1 12 ‘pues (1Wwg-q] pues
)| rI+308 TT00T df 1d/P0lg[HON/Eans2apLig ) [§34 /13205 ‘sadid jo Suimelp ‘SBUse3 (3315 53|1d palog
B\7043088 | TIONT df Id/Pol4 /40N 0nS3EpLIg 51 /434 /lue|d 12 ‘pakoj e-noj ‘3l ‘s3uIse) 3235 53)1d palog
2(90+385°¢ 0100t d/Leg-hea3-15e8 /pald /40N /£ansaspLg 8 W) f3uIw 18 ‘pal |3neis 152 |20 PUB &UIJ|1148q J0) [3Ael9
8| 20+305 T 01007 d/Lyeg-Ae23-152/pold /40N Fans=apLg B [§34 /8 150/
82043087 6000T d/2uLin) fposg /0N 7dns2apLg B /434 f1uRid 12 OZH Ul % | 23eung
B 10+3557 60007 d/2uLin) fpodg /40N TdnsaanLg 3 43/ 153l hyoda aun9
B4|20+300T R000T d/uLim)/palg/yon/zdngaapLg 8 /43y /w1 anse)d oIS 55330/d BULINDRINUeW ‘BUR|ALak o4
B|E0409T | 60001 d/2uLm) pold/§oN zdngazpLig 1 [§34 f1ue)d 1e ‘2e|nueid ‘3407 suaiupahiod |RLZIEW el ‘auajAyatiog
B E0+3895 60007 d/2uLin) fpodg /40N 7dnsaanLg ) [§34 fueid 12 io) e Aumya e d
B E0+3007 60007 d/2uLIn)/palg/§ON /zdngaapLg ) (019 /wejd 1e ‘paiyadsun Nuedo HuaKos

| ampp | qrdy awou ssoo.d punoifaio4 Aoy ssp0.d punoibyng 7:7a Juarujor3 aou ssa0.d punoibyng




. iB,

o

A T0+300°S {1001 d//poJd/doN/BU10 TW /4 [aW0iya 2R)0 12305 | 03|33 adsul Jo} Uawdinba |
EWT0AAT | LI00T d//po.d/HON/ 1210 £W {34 fuid 1@ ‘35 Joopino ‘poomdjd yiomuwlo} poomijd e
|20+ T 11001 d//poig/4oN /L0 2 [434 / |53 553004 ‘sWwalshs Joun lR1ep
B(E0ET | L1000 d//polg/4ON/= 10 B (434 / uojytuistod |ELia1ew Mel ‘swaishs youn jaief)
B(c0+300% | L1001 df fposg /40N 3340 ) (434 fueyd e’ El |3215 BURI0UIA) ‘SIS
CW|Z0+ET T L1001 d//poJg/uoN/BL10 CUW fH) fue)d 1e ‘|Rwiou 213.0U0) 31313002 'SUIYS
WIT0+3097 LT00T d//posg /40N 3240 7 /434 [|231s ‘Bunead Japmod |5040)
BY(T0+3009 | 1001 d/fpoid/HON 230 Y [H) /iueyd 18 ‘Jeyiow 1U3Wa) 52 noIg
R S 11001 d//posg/4ON =Y 2 43y [3UI410M 213w 3gelane ‘BULNTIRINUEW DNpoId 3315 . IDaSUL 10} U3UCIDS [2UOIppe
13303 3U121|ds ‘S30US 20 Moj |0y ‘S1sod dwen
o |S0F9ET e g ; ; ppe
. Lot Ulpoiifson/w0 138 et paloe Aoy ot 133UU02 U1 |ds 530S Y301 Moj|oy ‘sisod dwey
Wir+380T LT00T d//polg/4ON/=10 W 079 fiue|d 18 "3 gED J0DNpU-331 3gED 53082 a3
B(c0+3057 L1001 d//poJd/doN /B0 2y [H) hueyd 1e ‘57 7 5580 URAURIS TU3WD puejLod U3W37 B
B |E0+300'% 91001 d/3uLn/pold/§ON/5ans3epLig B [434 | Uoileus=Idw 33eUng
B(T0ALFS | 9100 d/3uLin)poig 4O /cansadpLg Y [434 /1 1SN s5300/d dunpejnuew ‘suajAyiahiog
B|T043LrS | 97001 d/5uLn) /poug /40N /cansaEpug 51 /434 1ueid 1e ‘s1ejnueid ‘3901 uaihupatod LB1ew el aus|Ayiahjog
5|7043869 | 91001 d/3uLn) /poig /40N /cansaapug 31 [y34 ueid 1e ioy Srerejfuirjhpa BUI13yS nse|g
B0+ T a700T d/Buun)/pold/4ON/cansasp1g 8 /079 fwueyd 18 ‘pal LUBEI0 'SIUM|0 3URIQIL UoIle|nsy|
24|20+306°C CI00T d/3uIssansalg/pold/yoN/cangaspLg £y [H) hue)d 18 ‘TeUOW 1UBWR) noJg
2| 10+395% ST00T /315535214 /pold /HON/E g B 434/ ISk UnpeynURW ‘Spng
24(70+305% S1001 /3uIssansalg/pold/yoN/cangaspLg 2 43y [35Ri0ls | Lojyatuisjod BIi31eW MeJ ‘Spng
(504340 ¢T007 d/3u1ssansalg/polg/y0N/cangaapLg 5 /43y /13315 3 I 55230)d SULNDRINUEW ‘SpUBLE
(504360 ¢T007 d/3uIssansalg/polg/y0N/cangazpLg 2 43y fueyd e ‘pato)|e-mo) ‘|32l LI31BW Me) ‘Spuels
wpl amoy | qrdy awpu ss30.d punoibaiod awpu ss30.d punoiByng 7°7 Juanujorg awpu sso.d punoiByng




5Y(70+3667 12000 /1835 5u0)/4oN/ Tdnsadnig 7Y (434 /3581015 |2UQIZ31 12 10 |3} eay U0I3dWNSL0D 3UI[0SEa Joj 3Inpaloid UoI1ea0)|e BuIpjoyexs
WiRgs | 1o 0/eas 5u0)/yoN/rdngapug T fona / asaip :
UMA|E0+309S | TZOOT 0425 fsu0) ON Tansaapug LAY /N /ON X uormnpoud a2 (dwnsua2 2123} Jo} 2Inpanoid LOije30) |8 2P oyels
wyd s+ 377 T200T /4835 5u0)/4oN/Tdnsadnug Wy /43y [2doin3 ‘JaGUzssed Yenie LodsUen |3Uuosiad Jo uodsuei Joj ainpanoid uoile30) e Buipjoyes
WH90ATT T 12001 /11235 =u0)/yoN/Tdngadnug W) 434 [33e1he 133]) T97¢ Llo| ‘Lodsuen alen 2y} Jo odsuen Joj 21 11830] @ pue ALio| Aq Lodsue Buipjoye
870+3997 02007 d /1MW sua) 4N, TdngadpLg Y [y3y /282100 [Bu0153118 10 [3n) Meay 1AWNSU03 3U110583 Jo) 2Inpa30Jd UDIEI0) |8 YoMwI0y
WROHTT | 0200 0 fyiomuuI04 su0) /40N /TdnsaEpLg /019 esaip Uonduunsuo? (35

UM C0+3TE 02001 d/yi0mui04/su0)fyoN/Tdnsadpug UMY /ON foN X1 uopnpaid hiaiafa dwinsuo 1121312 Joj 2Inpa30Jd UQI1e30| |8 "YoMWI0,
WYd|p+37 T 02007 d /1MW sua) 4N, TdngadpLg wyd /3y 3d0ing ‘1a3uzssed Yenie Uodsuen |3Uu0siad Jo uodsue Jal aanpadoid uaiiesa||e yiomuwio
WYS+ITT Y 02007 d /1MW sua) 4N, TdngadpLg U] /43y [23RI3MR 133)) 19T< Aio) odsuen alen 1230]|2 pue Auo| Ag Lodsuen "yomuwio,
BY(C0+3R0T §1001 0/|32051U138/5U0) /40N TdnsRapLg Y /434 /381015 |2UQIG3112 10 |3} ey dwnsuo) auijoses jol 3 11820/ 2 ‘|3315 2UIJ0lUIaY
MN[SO+IET | BIO0T 0320 4u124 suo) /40N TdnsaapLg /019 esaip Nz | 11220 e ‘{3315 Buniojuay
UMAP0+36T | BTOOT 0320 4u124 suo) /40N TdnsaapLg LAY /N /ON X uormnpoud a2 Uondunsuon yupa)2 11220 e ‘{3315 Buniojuay
Wyd|s0+3697 | BTO0T 0/13051U138/5U0) /40N TansRapLig Wy /434 [2doin3 ‘JaGUzssed Yenie LodsUen |auuoslad o uodsuen o) 3 11830] 2 ‘|3315 JUIIalIaY
WY1(90+369T B100T 013215 U13g /5] /40N TangaapLg W) 434 [35es2he 133)) 97¢ Ao| ‘Lodsuen| 3Uen 3y} jo uodsUei o) ainp=00id uoied| (e pue Ao Ag uodslen ‘|2a1s duiiojuiay
Wy 9043717 B100T 0/|321Ju13y /5Ua) /40N TdngadnLg W31 300 /dIys 1yBI2) 21ue310sUe] odsuen diys Ag uodsUen ‘(321 auiialuisy
5Yp0+36ET q1001 d/3130u0) /5u0)/4oN/Tdnsadpug 7Y (434 [35eJ015 |2u0Iz3) 12 ‘10 |3n) ey dwnsugd 830] | 31343U0)
MN[90+309T | 8100 /212 0u) suo] HON Tnsaapg /o Tasalp ) 1E30] e ‘3j30u0)
UMA|SO+36PT | STOOT d/2332u0)/sua) 4N Tdnsaapig LAY /N /ON X uormnpoud a2 Uondunsuon i) 1220 e ‘B1ae)
Wyo\G+3086 | 81001 0/a10u0) 500 QN Ton5a5pLg Wyd /3y /2doing ‘Rsu3ssed Yenije ‘wodsLen | 11220/ 2 ‘3120U0)
WYL90+3T T q1001 d/3120u0) 5u0)/yoN, Tdnsadpug W) 434 [33R1zhe 133} 19T Mlo| ‘Uodsuen ale) 341 Jo Uodsuen Joj 3 |e pue Aujo| Aq Uodsuen 31a5u0)
Iup| amop | gy alwpu ssa01d punasbaiod alupu ss00.d punoJbyang 778 Juarujog alupu ss0.d puno.bying




W [#0+365 S (7007 | d/1z1eru3purygpunoIg /sua) yon/ cangadplig Wy /43y [28=)3ne 133)) 197< ALio| ‘Uodsuen I50]d¥3 pUE |BLI218W PA1BARIK]
MN|S0+3ER T (20T | d/5=1emizpurypUnaIa /sUa)/4ON/EansaapLg /o9 / | pauing ‘f2sa1p La1EW J0 UOTeneDK
Wy |G0+36E 9 (7007 | d/131er3pUrRpUNOIS /SU) HON/ Eangadplig W} /300 /diys Y3131 J1UR3I05UED VodsUen diys Aq uodsues] 158)|2q pUB EUIJ|13Y0EG J0) [3REIS
84 00+305°5 97001 d/3uuny)/sun)/4oN/zdnsaapLg 8[43y /351015 |BUOIZR) 18 10 |3N) Meay uondwnsuod ‘spunodwal Suun)
MM 20+3269 92001 d/auLn)/sua)/4oN/zdns2apLg W /o / | pauing ‘j2saip ‘Spunaduad suun)
UM 20+320°T 92001 d/auLn)/sua)/4oN/zdns2apLg UM fON /0 a2 ‘Spunaduad suun)
wyd|70+3507 97001 d/3uuny/suo)/yoN/zdnsaspLg wyd /43y /2d0ing ‘Ja3uzssed Yenie ‘Uodsuen ‘spunodwal sunm
Wy £0+3/9°g 97001 d/3uuny/suo)/yoN/zdnsaspLg W1 /434 /28=I3ne 133)) 197« ALio| ‘odsuRN| 3uBL U Jo Lodsuell Joj inpadoid uoijeaoj|e pue Auoj Aq uodsuen ‘spunodwiod 2uun)
24(00+308% GZ00T d/sjuiofgsaulieag/sun)/yoN /znsaapLg 3 [§3y /3581005 |RUDIZ2) 18 |10 |3N) Meay

TWIEQ+390T | SZ00T | d/swuiofigsaulieag/suo) yon/zdnsaapng W /o / | pauing ‘jasalp

UMA[Z0+305T | SZO0T | d/swuofgsaulieag/suo) yon/zdnsaaplg Uy /i ielE

wyd|z0+3979 SZ00T d/sjuiofs3u1Ieag,su0) 40N 7dnga5pLg Wwyd /434 /3doin] ‘Ia3uassed Yeie Uodsuel _f B 'sjulaf % sEuleag
Wy #0+370°5 SZ00T d/sjuiofs3u1Ieag,su0) 40N 7dnga5pLg W /43y /25eI3he 1331 19T ALio| ‘Uodsuen| aueD 3U jo Lodsuen Joj 2inpad0id uoiedo||e pue Auoj Ag odsuel suiol g sauleag
3Y|70+368 7 57007 &, 1|12Y/5u0) 40N/ 7dng2dpLig 8 /43y /28R005 |RUDIZ2) 18 10 |3N) Meay Iidwnsuod 11220] |2 ‘sladeled B sEUI| 1Y
MN|P0+369C | 200 1By /5U0)/HON zdns=8pLIg MW fonm / | pauing ‘3531 [dwnsUod | 11e30] e ‘sjadeled g sauljiey
UMN|E0+TTES | #T00T BY/5U0)/HON/zdns3dpug UMy /ON /O a3 11e30] e ‘sjadeled g sauljiey
wyd |#0+35T 7 7001 |BY/3U0)/4ON/z0ng35pLg Wwyd /43y /ad0ing ‘Ja5uassed Yeniie Uodsuen By
Wy {50+ 3E5 L 52001 |BY/3U0)/4ON/z0ng35pLg Wy /434 /33=I3he 133)) 19T< ALi0| ‘UodsuRNURD 3U] Jo LOdSUR] Joj 3Inpad0id UOI1e30||e pue Auo| Ag uodsuen ‘s1adeled | s3ul| 1Ry
Wy (50+395 7 £7001 EE% ¥ /5U0) /40N zdng3apLIg Wy} /434 /33=)3ne 133)) 197< ALio| ‘Uodsuen huio) Ag vodsuen ‘jeydse pue Gujooidiziem
8|70+36R°C 72001 d/3u1s33115314/5U07/40N/Tdng35pLg 81 /434 [28R.015 |RUDIZRI 18 ‘|10 [3n) Meay Uondwnsuod aUIj0ses 1o} 2npa30)d UoIe3a)|e BuIssalisaly
T [50+305% 72001 d/3u1s33115314/5U07/40N/Tdng35pLg /ol / | pauJng ‘|as21p |asa1p Jol ainpazold Uoile3o||e ‘BuIssalsaly
UMN|E0+307L | TE00T d/3u1ssaisalg/suo)/yoN/ TdnsaEpLIg UMy /ON /O a3 11332 Jo} 2npa304d UonEd0||e ‘Bulssasay
wyd|#0+3587 77001 d/3uIss3.153)4/3U0) /40N TdnS2EpLg wyd /43y /2d0ing ‘Ja3uzssed Yenie ‘Uodsuen [auuosiad 10 wodsuel Jol ainpadold uoielo)|e ‘BuIssansaly
Wy $0+375°% 77001 d/3uIssa.15314/3U0)/4ON Tdng25pLg Wy /43y [28=)3ne 133)) 197< ALio| ‘Uodsuen ‘Buissansaly
Wy (90+30% 7 72001 d/3UIs53.15314/3U0)/4ON  Tdng35pLg W} /300 /diys Y3131 J1UR3I05UED VodsUen 3

W 90+39TT | Z200T d/aulssansalg /suo)/yon Tdngaapug Wl {434 /11l WaE13) ‘Vodsuen E

uup|  ampp | g awpu ssnoid punaibaio4 awpu ss0.d punoifiying 7:74 Juanujon awpu ss30.d punosfiying




3|00+3576 75001 d/3uIs531152)4/3U0) /40N /E0ng2apLg 34 /43y [38RI005 |RUDIZ2) 12 10 |3N) MMeay ‘BUI1553053)4
TN|EO+38TT | ZE00T dfaul [SU0)/HON/cangaaplg /ol | pauing ‘jasaip _i ‘AUIssalsal
UMA[Z0S3ELT | ZEOOT dfaul [SUD)/HON/cangaapug YA /ON fON 1w uoipnpodd ‘Riatma)a ‘AUIssansal
wyd (703,89 75001 dfaul [5u0)/y0N/sangaapLg Wwyd /43y /ad0ing ‘Ja3uassed Yenie ‘Uodsuen ‘BuIssansaly
Wi 70+3987 ZE00T dfaul /5U0)/40N/zanga5pLg W) /43y [33213A8 133]} 19T« Ao ‘Uodsuen 1830 ‘BlIssaNsal
84(10+3057 TE00T d/yiomiwiod/suo) /40N/cans3apLg 8 /414 [28RI005 |RUDIZR) 12 ‘)I0 |30 Aeay U0IdWNSUY 3UII058E 10} 2Inpan0sd LIR30 | "YIoMWID,
TN|E0+36TE | TEOO /40MWI04/SU0)/§ON/E0nS=501Ig I /019 /3uilpew Buipjing U pauing ‘[2saIp
UMAIZ0+3697 TE00T d/yIomuL04 /su) 40N/ sangadplig UM fON /ON ¥iw uoipnpoid Riauma)a K121113)3 1o} 21npad0sd UOIIRI0| B “YIoMWI0]
wyd|g0+398T TE00T d/yiomuL04 /su) 40N/ cangadplig wyd /43y /2doing ‘Ja3uassed Yeniie ‘Uodsuen |auuosiad Jo uodsues Jo} 20nPa00Jd UOIIRI0| |2 “YIOMMI04
Wil |$0+35E°9 TE00T d/yIoMuLI04 /su) 40N/ cangadplig Wy /434 [25=I3ne 133)) 197< ALio| ‘Vodsuen 3uen 11830] |2 pue Alio| AQ LodsuUBS) "yioMuwi04
34(70+3087 05007 /132151124 /5U0) /40N /Eang35pLg 3y (434 /3581005 |BUDIZ21 18 |10 |3N) a3y uondwnsuod B |3315 U101y
M P0+3TEE 0£001 d/|3a15Lu13Y/5u0) 0N /an52EpLg W /019 / | pauing ‘f2sa1p B 3305 duiiojuay
UMA(E0+ILET | OO0 df|3215uiay /suo) 40N /sansaapg YA /ON /ON 1w uorpnpodd Ryiatma)a uondwnstiol iy B ‘3315 AuliojuIay
wyd|#0+356 T 0£00T /132151124 /5U0) /40N /zang33pLg Wyd /43y /adoing ‘Ja3uzssed Yenie ‘Uodsuen _7 B '|2315 AUIalojuIay
Wy (50+350°% 0E00T d/|33151U13/5U0) /40N 2ans35pLg W) /43y /35213A 133)) 19T< Alo| ‘Uodsuen| auen ayljo Lodsuen joj ainpaaaid uoiedn| e pue Auo| Ag odsuiel ‘3315 suniojuiay
Wy (50+3589 0s00t d/|22151U12}/5U0) /40N /Eanga5pLg W} {300 /diys Y3131 J1UB3I05UEY UodsUen diys Aq uodsues ‘|2a1s uiioIRy
(204300 &700T d/130U0) /5u0)/4oN/canga3plig 3y [§3Y /351005 |BUDIZ3) 18 |10 |3N) Meay
TW|SO+36TS | BZ00T df=1213ua)/su0) 40N /cans=apug W/l / | pauing ‘jasaip
UMA 50205 62001 d/=1210U0/5U0)/40N/canga3pLig UMY fON /ON ¥1w uoipnpold Riauma)a indwnsuod A3i1i0a)2 Joj 2inpadold Uoilen| e 3120U0)
wyd |50+300°€ &700T d/130U0) /5u0)/ 40N /Eans23pLig Wwyd /43y /3d0ing ‘J35uzssed Yenie Uodsuen auuosiad Jo Uodsuel: Jo) 2inpatold uoieln| e F1R0u0)
Wy |S+I T 7001 d/31310u0) /5u0)/ 40N/ cang23pLig Wy} /434 [35=I3ne 133)) 19T< ALio| ‘Uodsuen auen pue Ao Aq uodsues 31amu0)
WA 90+320T 82001 duossie)gsa|lg/sun) 4oN/cansadpLg WY1 /434 /3521302 133)) 19T« Auio| ‘Lodsuen | e o liog pue
53)1d adid 2315 'SAUISED |315 53)1d palog
Wil |50+3087 82001 duossie)gsa|lg/sun) 4oN/cansadpLg Wy} /434 /504N 178< Aio| ‘odsuen EEE
B\v+3BT | STOOT df [SU0)/4ON/5ansaapLig 5} [434 [38R1015 |Ru0IGa) 18 10 [3n} Meay
MN|90+3L6T 82001 df [sU0)/4ON/FansaapLg W /019 / | pauing ‘f2sa1p 10g 53|14
uup| ampp | gfd alwpu sso.d punaibaio4 alpu ss00.d punoibiyong 7:7a Jusnujon Aoy ss30.d punoibying




WH1|90+3077 00T d/a130u0 U124 103 40N/ apug W1 /43y /25RI3nR 1331 19T« ALO| Vodsuen 13y
2Y|/0+385°¢ 0007 d/313u0yuIzY103/40N/Tdng35pLg 8 W/ I05 0] '31313U0) BUI X 134
M| #0+3509 6E001 dfuonadsul WBH /40N Lg /019 / | pauing’ [BW 35N BUILPEY

W (E0+3007 | 6EOOT d/uomadsu) WeY /40N /Eans=EpLg Ly /434 /25es3ne 133)) 9T< Auo| =dsUl Ulew ‘Uodsuen aulep

W (5043009 | 6E0OT d/uomadsu) /IRy /40N /£ans2EpLg Lt /43y /0107 2Bei3ne 133)) ‘3s31p 1ed lesado Dadsul 183 3531

W¥3(30+389 T BE0OT dfeydsy/ |24 /4oN zdns35pLg Wyl /434 /25=)3Ae 133)) 197< ALo| Uodsuesn IS 3lj} 01 uorleyodsuesn Jjeydsy
BY| (04389 T BE00T df1leydsy/ i34 /40N zdnsaEpLg 8y [H) fueyd 18 ‘yfeydse Jsew '|BM3U3 35IN02 BUIdRpNS Jjeydsy
BY|(0+389T BE00T dfyjeydsy/ ey 40N zdns28pLg 8 W) /111ypue] Aieyues 03 'l3iem ) Yeydse” 3IUBU3UIBW ‘|esods)p ) eydsy
M|90+305C BE00T &:E% /I3 HON zdngapug /019 / | pauing’ W ‘BuInowa) 3|eydsy
WP043509 | LE00T d fuomadsul /i34 /40N Tdns28pug W/onm/ | pauing | | Ulew ‘3sn auIpeyy

WA |E0+300% LE00T d/uomadsul/ ey /40N Tdns3EpLg Wih /43y [33=I30 133)) 19T< Auio| ‘Uonelado [adsul uiew ‘odsuen aulypep

WA 5043009 LE00T d/uomadsu| /ey, 4on/1dngazpLg Wk f434 /0707 23=)3M8 133)) [3531p B2 lesado Iadsu) ‘183 3531

WA\ L0+3787 92001 d/ayel) /1Rdp/Hon/zdnsaEpLg WA /43y [38R0aAe 133)) WgT< Ao el huon

WA 0+3TRT 95007 d/ayel) f1adp/yon/zdnga3plig Wik /43y /0107 25=i3he 133]) ‘jonad 1= LRI IBI 0134

WA B0+34T T 95001 x 11 /1200/40N/zdns=zpug WA /434 /0107 3ei3ne 133} 3s3p 183 Jlyen 183 3530

UMY[90400F | SEOOT daul 12d0/4oN/zdns3EpLg UM /ON fON X1 uornpod
104307 RO d/fsua)/4oN/2u0 21 [434 | 133J 18 [10 |30} Areay Ugndwnsuod 3ulj0ses o) 2/npaxasd uoneso|e IRy

UMH|E0+38LE | BEOOT d//suo)/4oN/ =0 UMY /ON /ON X1 uoinnpasd

Wyd|#0+308°T FED0T djsua)/4oN/Bu0 Wwyd /434 /2d0in] ‘125u=ssed ‘Yeiie Uodsuen
T 15042157 200 djfsua)/4oN/Bug /jo!/ | paung |auuosiad 1o uodsues Jol anpazold Uainea| e JaLg

W 50+3/7T FE00T djfsua)/4oN/Bug W1 /43y [25=I3hR 133]] 19T« Al0| Uodsuel £ pue | Ag vodsuen 1ayip
|00+350 T o0l d/8unng/suo)/yon /s 11 2 [434 | 133) 18 [10 |20y Areay uondwnsum ‘spunodwod uun)
N[Z0+380T | EE00T d/auLin) fsuo)/HoN/sansaapLg T /019 | pauing’ uodinsuol ‘SpunOdw0? AL

UAH|T0+350 | EEOOT d/3uLin)/suo)/4on/eansazpLg UMY /ON /ON X1 uoinnpasd ‘Spunoduuod 2uun)

Wyd| 7043171 £C00T d/Bunin)suo) 4o/ apug Wwyd /434 /2d0in] ‘125u=ssed ‘Yeiie Uodsuen ‘spunodwo dunm

WY £0+3057 00l d/8unn)/suo) 4o /zansa3pLig W1 /43y [25=i3ne 133]] 19T« Al0| ‘Uodsuel| 3ueld au) Jo uodsuel Joj 31npad0id UoI1e30| e pue ALioj Aq Lodsuell ‘spunodiual Sunn)

un|  amoy | Qrdy alupy ssa00.d punaibaio4 alupu ssa00.d punoifiyong 7°zA JuaAujod3 alupu ssa00.d punaifyong



WRT | 013315103 /40N eangapiig W31 434 [33sane 133l 07 o) odsuen (eUodsye) Sjadeled 7 53 I55alisal

WSS | 000 013019 /103 40N /Fansaaniig W3} 434 (3300302 133 197¢ o) odsuezy 3)1|-J0-pUa UoneU0dsUel 3t

WIS | 75001 0331007 U2 103 40N sansaanLg W31 (434 /33 I3ne 133l 07 o) odsuen 3l 3032 01 LodsUe) 21R0u0) paiojU IRy
M4BT | 70 0 31a00u07 U2y 103 40N sangadnLg 3 /W f1ueyd 3urios 0] 2g30Um paojuial uIp (105 2130002 panlaluiay
HINET | T 0=y 103 N dngasnLg 8 4D e ey 10 0903 esod

UIS%T | TN o eydst 103 40N/ zonsaug I} 43 [odeiane a1 g7 Auo) ‘dsuen 3040 | pue Aeyues o} oreNodsuey eydsy
WAL | T 0yt 03 4O dngazpug W /079 /3uLpew auipjng i pauing | 3403 A

mnl oy gty o ssano.d punoiBaiog aluou ssanoud punoJByoog 77 Juaauog o ssano.d punosByog







Appendix F

Output data inventory

NB: The values are given for the whole bridge.

Stressor name Ecolnvent v2.2 stressor name Foreground process name Foreground process ID Value Unit
Carbon dioxide Carbon dioxide, fossil/ air/ unspecified BridgeSup1/NOR/Prod/ReinfSteelGer/p 10003 1.13E+05|kg
Carbon dioxide equivalent BridgeSup1/NOR/Prod/ReinfSteelNor/p 2.65E+05|kg
Carbon dioxide Carbon dioxide, fossil/ air/ unspecified BridgeSub3/NOR/Prod/Piles/p 10011 1.80E+05|kg
Methane Methane, biogenic/ air/ unspecified BridgeSub3/NOR/Prod/Piles/p 10011 1.34E+02|kg
Dinitrogen Dinitrogen monoxide/ air/ unspecified BridgeSub3/NOR/Prod/Piles/p 10011 1.01E+00|kg
Carbon dioxide Carbon dioxide, fossil/ air/ unspecified BridgeSub3/NOR/Prod/ReinfSteelGer/p 10013 2.78E+04 kg
Carbon dioxide equivalent BridgeSup1/NOR/Prod/ReinfSteelNor/p 6.66E+04 kg

Thomas Dequidt

139

Masther Thesis NTNU 2012







Appendix G

(Global warming impacts per foreground

process

NB: The values are given per functional unit.
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FULL NAME PROCESS ID | Global warming (kgCO2-eq)
Functional Unit/NOR///p 10001 5665.114568
BrideeSupl/NOR/Prod/Concrete/p 10002 279.1501007
BrideeSupl/NOR/Prod/ReinfSteelGer/p 10003 20.18178721
BrideeSupl/NOR/Prod/ReinfSteelNor/p 16.8704
BrideeSupl/NOR/Prod/Formwark/p 10004 28.55782630
BridgeSupl/NOR/Prod/Prestressing/p 10005 151.6227341
BrideeSup2/NOR/Prod/Asphalt/p 10006 3482334301
BrideeSup2/NOR/Prod/Railings/p 10007 162.4933588
BrideeSup2/NOR/Prod/Bearings&joints/p 10008 4 693922469
BrideeSup2/NOR/Prod/Curing/p 10009 2200675425
BrideeSub3/NOR/Prod/Ground&Underwate| 10010 0.66289013
BrideeSub3/NOR/Prod/Piles&Caisson/p 10011 31.35129955
BrideeSub3/NOR/Prod/Concrete/p 10012 B4 23520814
BrideeSub3/NOR/Prod/ReinfiteelGer/p 10013 5068011567
BrideeSub3/NOR/Prod/ReinfSteelNor/p 4.24148
BrideeSub3/NOR/Prod/Formwark/p 10014 429825204
BridgeSub3/NOR/Prod/Prestressing/p 10015 2420753008
BrideeSub3/NOR/Prod/Curing/p 10016 0447173243
Other/NOR/Prod//p 10017 4125329781
BrideeSupl/NOR/Cons/Concrete/p 10018 30.30063613
BrideeSupl/NOR/Cons/ReinfSteel/p 10019 17.29532112
BrideeSupl/NOR/Cons/Formwork/p 10020 3.830458622
BrideeSupl/NOR/Cons/Scaff/p 10021 18.32346349
BrideeSupl/NOR/Cons/Prestressing/p 10022 5910502951
BridgeSup2/NOR/Cons/Asphalt/p 10023 2.5044085516
BrideeSup2/NOR/Cons/Railings/p 10024 6.667032437




FULL NAME PROCESS ID | Global warming (kgC02-eq)
BrideeSup2/NOR/Cons/Bearings&joints/p | 10025 0.438717908
BrideeSup2/NOR/Cons/Curing/p 10026 0.090419702
BrideeSub3/NOR/Cons/Ground&Underwatel 10027 2126417992
BrideeSub3/NOR/Cons/Piles&Caisson/p 10028 22 87210753
BrideeSub3/NOR/Cons/Concrete/p 10029 0 260632612
BrideeSub3/NOR/Cons/Reinfiteel/p 10030 4 343396369
BridgeSub3/NOR/Cons/Formwoark/p 10031 0.577447509
BrideeSub3/NOR/Cons/Prestressing/p 10032 0.426426427
BrideeSub3/NOR/Cons/Curing/p 10033 0.027175015
Other/NOR/Cons//p 10034 2.238062116
BridgeSup2/NOR/Cper/Publiclighting/p 10035 1.722429728
BrideeSup2/NOR/Qper/Traffic/p 10036 5305.831833
BrideeSupl/NOR/REM/Inspection/p 10037 14292949068
BridzeSup2/NOR/R&M/Asphalt/p 10038 2719264777
BrideeSub3/NOR/REM/Inspection/p 10039 1429299068
BrideeSupl/MNOR/EQL/Reinf.concrete/p 10040 53.B2878682
BridgeSup2/NOR/EOL/Asphalt/p 10041 5.256200588
BrideeSub3/NOR/EQOL/Reinf.concrete/p 10042 15.61596386
BridgeSub3/NOR/EOL/Gravel/p 10043 3706889456
BridzeSub3/NOR/EOL/Steel/p 10044 1452753382
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