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Decisions related to implementation of a bridgeigtegproposal generally require that several
alternatives be considered. Many factors contriltatean agency’s decision to select a particular
proposal. Although the initial project costs maymieate this decision, initial agency costs,
however, tell only a part of the story.

Currently, almost only functional performance andwentional financial costing guides the design
of a new bridge. A new life cycle framework to igtate all bridge life cycle considerations like the

aesthetical and cultural value, and the environaiemtpact with the economic issues become very
essential for achieving sustainable infrastructure.

This research study demonstrates a unique methgyl@aod present a new systematic way for
analysis, evaluation, and optimization of the beidife cycle indicators. This study is presenting a
unique flexible system, integrating all of bridgie Icycle issues, and making them measurable and
comparable like the bridge initial cost.

One of the main aims of bridge projects is to pnesehe harmony of the scenery and the
surrounding context. Aesthetics is not somethivad tan be added on at the end. For aesthetics to
be successful, it must first be considered as teyial part of the design. Basic bridge aesthetics
design guidelines were proposed, which intendesttalown considerations and principles, which
help in eliminating the worst aspects of bridgeigiesind encourage the best.

Based on this unique evaluation system, two compariegrams were developed to facilitate the
usage, one for calculating the bridge user cost @mal to evaluate the bridge aesthetical and
cultural value. The application of this integratewdel to bridge design highlighted a critical

importance of using the life cycle modeling in arde enhance the sustainability of bridge

infrastructure systems.
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1. INTRODUCTION
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Decisions related to implementation of a transpimmamprovement generally require that several
alternatives be considered. Many factors contritatan agency’s decision to select a particular
option, although initial project costs may dominttis decision. Initial agency costs, however, tell
only part of the story.

The idea behind this study is that, bridges invesitndecisions should consider all of the costs and
considerations incurred during the period over Wtilee alternatives are being compared. Bridges
are required to provide service for many years. diéty of a bridge to provide service over time
is predicated on its being maintained approprialsiythe agency. Thus the investment decision
should consider not only the initial activity thaeates a public good, but also all future actiti
that will be required to keep that investment ala@ to the public. It is important to note thad th
lowest agency cost option may not necessarily jgemented when other considerations such as
aesthetical and cultural value, user cost, andenwiental concerns are taken into account.

%&1+,

This study was designed firstly to expose the ppies of bridge life cycle cost (BLCC) and
identify all of relevant affected parameters, seltprio separately focus on each life cycle
consideration and deeply illustrate the methodolmigyssessing its impacts on the whole BLCC.

The most important part of this study is the uniqystematic way of converting all of the
theoretical data and parameters to a simple nualecaiculations system which is relating the
aesthetical and cultural values, and the envirotahempact with the other important aspects of
bridge like functionality, economics and techniquééhen doing so, facilitate the implementation
of the optimization process.

The final goal is to create a simple compromise ater program, which is based on these data
and parameters and providing a simple optimizgti@tess to help the design makers to chose the
optimum alternative.

%N&- .

Life Cycle Cost (LCC):

Technigue which enables comparative cost assessrtebe made over a specified period of time,
taking into account all relevant economic factooshbin terms of initial capital costs and future
operational costs. In particular, it is an econoagsessment considering all projected relevant cost
flows over a period of analysis expressed in mogetalue. Where the term uses initial capital
letters it can be defined as the present valubeofdtal cost of an asset over the period of aiglys

Life-Cycle Cost Analysis (LCCA):

LCCA is a cost-centric approach used to selectrtbst cost-effective alternative that accomplishes
a preselected project at a specific level of bémdhat is assumed to be equal among project
alternatives being considered. All of the relevaosts that occur throughout the life of an
alternative, not simply the original expendituras included.




Benefit-Cost Analysis (BCA):

BCA is the appropriate tool to use when designradtives will not yield equal benefits, such as
when unlike projects are being compared or wheecssthn-maker is considering whether or not to
undertake a project. The elements typically inctloleLCCA and BCA are listed below.

Differences between (LCCA) and (BCA):

The agency that uses LCCA has already decided dertake a project or improvement and is
seeking to determine the most cost-effective méaascomplish the project’s objectives.

LCCA is appropriately applied only to compare pobjenplementation alternatives that would
yield the same level of service and benefits topttogect user at any specific volume of traffic.

Unlike LCCA, BCA considers the benefits of an imygment as well as its costs and therefore can
be used to compare design alternatives that dgielot identical benefits (e.g., bridge replacement
alternatives that vary in the level of traffic thegn accommodate), as well as to compare projects
that accomplish different objectives (a road reahgnt versus a widening project). Moreover,
BCA can be used to determine whether or not a grgeould be undertaken at all (i.e., whether
the project’s life-cycle benefits will exceed iifelcycle costs).

Life Cycle Assessment (LCA):

Tool for identifying and evaluating the environmanaspects of products and services from the
“cradle to the grave”: from the extraction of resmuinputs to the eventual disposal of the product
or its waste. Life Cycle Assessment LCA is for asggg the total environmental impact associated
with a product's manufacture, use and disposalvétidall actions in relation to the construction
and use of a building or other constructed fae#itiLCA does not address economic or societal
aspects!
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Table1:1  Bridge breakdown components name
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2. AGENCY COST

*&% ) 0

There are two primary reasons for establishingeadycle cost classification or taxonomy when
evaluating bridges. First, the classification irsuthat all costs associated with the project are
taken into account. Second, the classification mehallows for a detailed, consistent breakdown of
the life-cycle cost and net savings estimates\aratlevels so that a clear picture can be hatief
respective cost differences between material/designnatives.

The third benefit of this life-cycle cost classé#ton is that, actual construction costs classibgd
the same structural elements can be used to corhisilerical unit cost data on bridge element
costs to be used in future life-cycle cost analyses

&+ 10 %2

In this level, the costs can be divided as showrkigure 2:1 below, and will discuss in he
following subsections.

%$ =77

$"" @ 7 v
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Figure 2:1 Cost by the Entity that Bears the Cost (Level 1)

2.2.1 Agency Costs

Agency costs are all costs incurred by the progeotvner or agent over the study period. These
include but are not limited to design costs, captasts, insurance, utilities, and servicing and
repair of the facility. Agency costs are relativelgsy to estimate for conventional material/designs
since historical data on similar projects reveakthcosts, will discuss it later in this chapter.

2.2.2 User Costs



User costs accrue to the direct users of the prdier example, bridge construction often causes
congestion and long delays for private and comraktcaffic. New bridge construction impacts
traffic on the highway over which it passes. Mair@ece and repair of an existing bridge, along
with the rerouting of traffic, can impact drivensérsonal time, as well as the operating cost of
vehicles sitting in traffic. Accidents, involvingalm to both vehicles and human life, tend to
increase in road work areas; will deeply discusstér in this chapter (3).

2.2.3 Society Costs or Third-Party Costs

Third-party or spillover costs are all costs inedriby entities who are neither the agency/owners
themselves nor direct users of the project. Onenglais the lost sales for a business establishment
whose customer access has been impeded by coimirwdt the project, or whose business
property has been lost through the exercise of @midomain. A second example is cost to humans
and the environment from a construction processpbiutes the water, land, or atmosphere. These
costs can be subdivided into two main categories:

Bridge Aesthetical & Cultural Value (ACV)

Some projects have exceeded all cost estimatestitlut has been possible to fulfill them with
success. One of the main aims of bridge project® ipreserve the harmony of the scenery.
Location of a bridge, cultural values of the sumdimgs, landscape and the viewpoints of local
people have influence on the goals that are setiadge in the beginning of a project. Bridges are
often seen more or less as sculptures and iconshwhe citizens may relate with the soul of the
city. This atmosphere and the will to identify tioevn and its values with an icon may motivate for
bold and spectacular solutions.

So, absolutely there is a hidden value for theragleappearance and the beauty of the bridge, it
should be considered during the design and in @@A process. This value is called the ACV.

It is not the intention to provide a formula foragbdesign. Rather it is the intention to set down
considerations and principles, which will help,nghate the worst aspects of bridge design and
encourage the best, will deeply discuss it latehis chapter (4).

Bridge Environmental Impact (LCA)

Environmental impact categories evaluated inclutergy and material resource consumption, air
and water pollutant emissions, solid waste ger@ragnergy use, fuel consumption, and emissions
for the traffic. Life cycle assessment is an anedyttechnique for evaluating the full environménta
burdens and impacts associated with a productreystéll deeply discuss it later in this chapter

(5).

*&-  +0 ) 10 *2

Level 2 groups the costs according to the life-eyedtegories which, in KTH we agreed to classify
them ascending by there occurrence during the éridg cycle, with these proposed titles as
follow:

Investment Cost (Purchasing, Construction, & Iiatain)
Operation & Maintenance Cost



Inspection Cost
Repair/Rehabilitation & Replacement Cost
End of life Management Cost (Demolition and Langéeg)

Historical agency data are only one mechanismrttat be used to feed LCCA input needs. The
expert opinion of senior agency staff members clao arovide a wealth of information for
investment analyses, as can research conductaalbgtry and government. Still, the agency will
have to devote resources toward the developmenvalidhtion of data sources for LCCA inputs,
as well as toward learning how to use those sources

2.3.1 Investment Cost (Purchasing, Construction, & Instdkation)

An example of historical agency data for bridgeestment costs can be as shown in following
table:

Table 2:1 Investment Feedbacks and Recommendation

Investment (Purchasing, Construction,& Installation)
The Action Narme Service Life | Awerage Required Unit Duration Average Cost
(Vear) Value | Unit From
Prefabricated Prestressed concrete bridges 100 012 dan2 The Bridge Area
Convential reinforced concrete bridges 80 015 day;’m2 The Bridge Area a1
Steel Structures 70 0.1 |dayim?| The Bridge Area h
Timber Bridges 50 0.12 | dayim?| The Bridge Area

2.3.2 Operation & Maintenance

Operation: - The preservation and upkeep of a structure, inotydil its appurtenances, in its
original condition (or as subsequently improvedpaiMenance includes any activity intended to
“maintain” an existing condition or to prevent dateation. Examples include: cleaning,
lubricating, painting, and application of proteetisystems.

Maintenance - The minor repair and preventative maintenance iievnecessary to maintain a
satisfactory and efficient structure, usually presstuled maintenance and repair activities.

An example of historical agency data for bridgerafien and maintenance costs can be as shown
in following table:

Table 2:2 Operation & Maintenance Feedbacks and Recommendatio

Operation & Maintenance activities

Recommended | Average Required Unit Duration Average Cost
Intervals(¥ear) [ vae | Urit From % From The Agency Cost

The Action Name

005 | hriné Eridge Area
02 hrim Bridge Length
05 hrim Bridge Length

Cleaning the bridge of salt 1
1
1
IWaintenance of surface finish and laning 1 05 | hrim? Bridge Area
1
1

Cleaning & rodding of the drainage system

MWaintenance of parapets gardrail railings

05

Dehumidification, electricity and maintenance 05 | hrim? Bridge Area
Protection against scour 02 | hrm? Bridge Area
Improvement of painting 10 pi hrim? Bridge Area




2.3.3 Inspection

The main purpose of the inspections is to ensuae ttie safety and traffic ability of the bridges
meet the requirements; the inspections reveal llgsigal and functional condition thus providing
the basis for an efficient and economical bridg@aggment. The bridge inspections in Sweden are
since 1987 divided into three types, accordindnéortature of their aim, scope and frequency. They
are:

General inspection

Major inspection

Special inspection

General inspection - The aim of is to follow up the assessed damagendwarlier inspections,
detect and assess new damage, and detect if theced maintenance work has been properly
performed. Every structural part of the bridge tbge and their included elements have to be
visually inspected. Structural parts under water excluded. There is no demand on hand-close
investigation unless new damage is detected. Geimsgzection is a simpler inspection compared
to the major inspection. The scope of the genasgdction is to check the recorded damage from
previous major inspections and check if the assedsselopment of these was correct. If new
damages are detected, they will be recorded anelssess according to current rules. General
inspection has to be performed on bridges withemitttical span larger than 2,0 meters. Smaller
bridges are normally exempted from this inspectyge. The time interval between two general
inspections is maximum three years. The persorerbpning this inspection type have to posses
the same competence as the inspectors performijgg mspections.

Major_inspection: - The most important inspection type performed onShedish road bridges.
The scope of this inspection type is to detect asgbs damages and defects which can affect the
designed function or the traffic safety, both ie #hort and the long run (within 10 years). Another
aim is to detect even minor damage or defects tifiatpt attended to, can cause increased
maintenance or repair costs within a 10-year pereeery structural part and their in-going
elements, which are within hand reach, have tobestigated.

During this inspection, even the structural pastated under the water surface have to be closely
inspected by qualified divers. Even adjoining palftthe bridge such as road embankments, slopes,
abutment ends, fill revetment and fenders haveetanbpected. If the inspected bridge contains
mechanical or electrical equipment, such as movhhtiges, these parts will also be subject to
close inspection. The inspection has to be dond-blose. Special inspection equipment, such as a
bridge-lift, will allow a close look under the bgd deck, a structural part difficult to inspect
otherwise.

This inspection type requires that a series of jghysneasurements have to be performed. Such
measurements are made to determine for exampleethdottom profile (erosion risk), chloride
content and carbonization of concrete, measurenwérite level of corrosion of the reinforcement
bars and cracking. The major inspection has tcalbgecl out at least every sixth year. The demands
on the bridge inspectors performing these are high.

Special inspection -For more information see BaTMan (2000) or the Selediridge inspection

An example of historical agency data for bridgepetwtion costs can be as shown in following
table:



Table 2:3 Inspection Feedbacks and Recommendation

Inspections activities
‘ Recommended | Average Required Unit Duration Average Cost
The Action Mame
Intervals{¥aar) | value | Unit From % From The Agency Cost
zeneral inspection 1 005 | hrim? Bridge Area 0.15
. _ 2 _ (Concrete Stuctures)
Major inspection 6 0.1 | him Bridge Area 090
Special inspection whenneeded | 02 | i Bridge Area (Stesl Structures )

2.3.4 Repair/Rehabilitation & Replacement

Repair: - The restoration of a structure, including all ippartenances, to its original condition (or
as subsequently improved) insofar as practicabépaR includes any activity intended to correct
the affects of material deterioration by restoramgeplacing in-kind any damaged member.

Rehabilitation: - The improvement or betterment of a structureluiog all its appurtenances, to
a condition which meets or exceeds current desgmards.

Examples of rehabilitation include, widening a lgedto meet lane/shoulder width requirements,
raising a bridge to meet clearance requirementplacement of substandard bridge rails,
strengthening a bridge to increase load carryingpcidy to accepted limits, replacement of deck,
rehabilitation of deck, and rehabilitation of sugtaucture

Replacement - The erection of a new structure at or near astiexj structure, with the new
structure(s) intended to receive the service |daa® the existing structure which is eventually
abandoned, relocated, or demolished.

An example of historical agency data for bridgeaigpehabilitation & replacement costs can be as

shown in following table:

Table 2:4 Repair/Rehabilitation & Replacement Feedbacks aadoRimendation

Repair, Rehabilitations & Replacement activities
The Action Narme Recommended | Average Required Unit Duration Average Cost
Intervalst Year) | vaue | Unit From % From The Agency Cost

Deck repair & maintenance 12 02 | hom? Eridge Area

Deck overlay & resurfacing 26 04 hrfm Bridge Length

Deck replacement 44 1 hrir? Bridge Area

Expansion joints repair 4 2 hrim Bridge Width

Expansion joints replacement 12 3 hrim Bridge Width

Bridge seat & bearings repair 4 002 | hrint? Bridge Area (Concre(eQSOIruc(ures)
Eridge seat & bearings replacement 40 004 | hrint? Bridge Area

Gradrail railings, parapets & fittings replacement 20 2 hrim Eridge Length

Edge beam impregnation & repair 25 05 hrim Eridge Length (Stes) S?rzucfures)
Edge beam replacements a0 15 hrfm Bridge Length

Superstructure strengthening & rehabilitation a0 4 hrir? Bridge Area

Superstructure replacements a0 8 hrrr? Bridge Area

Substructure strengthening & rehabilitation 30 1 hrirr? Eridge Area

Substructure replacement 50 2 hrim? Bridge Area

Painting of steel structure, whole bridge 25 02 | hrimt? Bridge Area




2.3.5 End of life Management (Demolition and Landscaping)

An example of historical agency data for bridge diion and landscaping costs can be as shown
in following table:

Table 2:5 Ends of Life Management Feedbacks and Recommendatio

End of life Management { Demolition and Landscaping) activities
Recommended | Average Required Unit Duration Average Cost
The Action Mame

Intervals{¥ear) [ vaiue | Unit From % From The Agency Cost
Prestressed concrete bridges 100 0.025 day;’m2 Bridge Area 9
Convential reinforced concrete bridges a0 004 dawm2 Bridge Area 10
Steel Structures 70 0.02 | dayim? Bridge Area 8
Timber Bridges 50 0.015 | dayim? Bridge Area 6

&+ ( 10 -2

The third level of classification organizes codisly specific functional element of the structare
facility, (2) by activities not assignable to fuioctal elements (e.g., overhead). Parts (2) is the
traditional “elements” cost. We add new-technolagyoduction costs to measure the unique costs
of using a new material. Schematically Figure 2t will introduce this level.

o

[ NOﬂEbmenta'} [ Elemental Costs}
Costt

(Studies,PIanning,DeSign, ) - Introduction of Ne
8 Management Site Facilitate Technology
I

p
Mobilization Camping [Trafflc Orgamzatlon% [ Overheads }
L Safety Contrc

Figure 2:2 Costs by Elemental Breakdown (Level 3)

2.4.1 Elemental Costs

Elements are major components of the project’'scira, and are sometimes referred to as
component systems or assemblies. Elements commbridges are superstructure, substructure,
and approach. Each element performs a given funcegardless of the materials used, design
specified, or method of construction employed.

Individual cost estimates at the elemental leve).(&/square meter to furnish and install a caecre
deck) are most useful in the pre-design stage veheariety of material/design combinations are
being considered. This is the stage at which large savings can be achieved by making
economically optimal material/design choices assshim Figure 2:3.
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Figure 2:3 Bridge Stages and the possibilities to influeneeslttC

Construction

2.4.2 Non-Elemental Costs

Non-elemental costs are all costs that cannot tiibwted to specific functional elements of the
project. A common example of a non-elemental ageosy is overhead expenses; a hon-elemental
third-party cost could be spillover costs. Becaeleenental cost categories are useful for generating
and updating historical unit cost measures, aljgotocosts that are not truly elemental must be
excluded from these historical statistics and puthie non-elemental group. Schematically graph
compose these three levels can be as shown ineFgdibelow

Level 1
By Entity that Agency
Incurs the Costs

I Level 2 I ; :
I By Life-Cycle . . _ :
i Cost Catesory Construction OM&ER Disposal H
F O0Oo00000000000 0000000 AOOO00O0O0O0OO000000000000000000000
: Level 3
o By Elemental
*  Breakdown of
O Project
: Element |: Element 2: Element 3: Mon- Mew-Technology
S [eck Substructure Approaches Elemental Introduction (MTT)
=] ® slabs ® footings ® carthwork ® design ® outside material/design
= | ® zuardrail ® retaining ® grading ® mobilization consultants
= | ® median walls ® hase coarse ® clear & grub ® demonstration project
5 ® piers ® fine grade ® tempoary ® cpvironmental impact
E ® bents ® asphalt traffic control study
H ® beams ® culverts ® overhend
: ® raffic signs ® profit
H
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Notation for bridge main structures and its eleraeme presented in Table 2:6; see also Figure 1:1,

and Table 1:1.

Figure 2:4 Bridge LCC Classification Levels

Table 2:6 Bridge Component Breakdown

Component / Activities

Tvpe / Include

Component / Activities

Type / Include

1 |Foundation

Foundation slab

Foundation plinth

Eock filled box titmber caisson
Caisson

Timber grillage

File

Baclfll

Erosion protection

Sheet pile wall

Rock anchor bolt

6 |Bridge equipment

Bearihg and Hinge
Ezxpansion joint

Parapet

Faling

Cruardrail

Insulation, water proofing
Dirathage system
Lightening, Electrical worlc
and Accessores

2 |Slope and Embankment

Embankment, embankment
end, baclkfill

Sodl reinforcement and
slope protection

7 |Surface layers

Pavement (asphalt etc.)
Insulation, water proofing
Epomxy sealing

Cithers

Lower front wall

Ezcavation soil

Arch spandrel wall
Cable system
Fipe, Culvert

Bridge seat Ezxcavation roclc
Upper front wall Sod filhing
3 |Substructure Pier 8 |Earthworks Others
Footing slab for pier
Counterfort
“Wing wall
Supporting wall
Slab and decle Scaffolding
Beam Temporaty constructions
Truss Bridge construction
4 | Superstructure Arch, Wault 9 |Consttuction Transportation of worlcers

Other activities

Secondary load-bearing bearn,

Demoltion

cross beatn

Secondary load-bearing | Secondary load-bearing trass, . .
5 structure Wind braving 10 |End of Life Management |Landzcaping

Edge beam TWaste management

(incl recycling and recoversy)
*
&30.4 55

2.5.1 Integrated Life-Cycle Cost Analysis Approach

The term life cycle cost (LCC) is not used consitiye The more traditional view of LCC evaluates
costs incurred by government agencies all throbghvalue chain (from raw material acquisition to
end of life). Such costs are termed “agency co&scently, efforts have been made to broaden this
definition to be more inclusive of other costs ass@d with construction projects. In particular,
several studies, using a more holistic LCC apprpdeve been conducted with the goal of
determining agency costs as well as user costs

An integrated life cycle assessment, aesthetighkaitural value, and cost model was developed in

this master thesis to evaluate the bridge sustdityatand compare alternative materials and
designs using environmental, economic and soaiit@tors where, the bridge LCC is equal to:
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LCC = Cac + Cuser + Cracv + CRrel

Where:
0 Cac Is the correspondinggency cost
0 Cuser Is the correspondingsercost
0 Cracv Is the correspondinBelative Aesthetical andCultural Value cost
0 Crg Is the correspondinBelative Environmentall mpact cost
Where:

Here Cac is the Agency cosbbtained by cost calculation considering the caesion, repair,
maintenance and demolishing costs of the bridga fte whole lifetime.

The RelativeAesthetical andCultural Value cosiCracy 0Of a bridge, is then obtained by equation:

Craov = kAES C ac

0 kaes Is the aesthetical and cultural coefficieRange from +0,30 To -0,30

Finally, theRelativeEnvironmentall mpact cosCrg of a bridge, is then obtained by equation:

Cre = kaCac

0 kg Is the environmental impact coefficie®®ange from 0,0 To +0,20

Consequently, the system described above enablaparison between different design
proposals, existing bridges and bridge types akagetvaluation of even different construction
methods.

2.5.2 Steps in Life-Cycle Cost Analysis

Define the project objective and minimum performanequirements.
Identify the alternatives for achieving the objeeti

Establish the basic assumptions for the analysis.

Identify, estimate, and determine the timing ofralevant costs.
Compute the life-cycle cost of each alternative

Perform sensitivity analysis by reusing differess@mptions
Compare the alternatives’ life-cycle costs

Consider other project effects

Select the best alternative.

For LCCA to yield valid results, each project attative considered must provide the same level of
service or utility for a specific, given volume tfffic. In the event that the alternatives yield
different levels of service or utility, then benefbst analysis (BCA), not LCCA, would be the
appropriate decision tool. LCCA provides a compreinge means to select among two or more
alternatives to accomplish the project.

2.5.3 Economic Analysis Technique
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The time value of money is germane to LCCA beca&osts included in the analysis are incurred at
varying points in time. Figure 2:5 show an exangfl¢he bridge LCC cash flow. For LCCA, costs
occasioned at different times must be convertethér value at a common point in time. It's
recommended to use the present value (PV) appi@dsthknown as “present worth”), the formula
to discount future constant value costs to pregaioe is:

PresentValue = Future Value” _r
(L+r)
Where:
- Is the real discount rate
- n Is the number of years in the future wtiencost will be incurred.

End of
Initial First Second Analysis
Construction Rehabilitation Rehabilitation Period
+ y
§ User Costs "
H 1

i User Costs User Costs

Estimated Activity Costs

Agency Costs Agency Costs Agency Costs Tes
l Agency Costs

T, T =

I 1 2 Remalning
service i

Life Values § User Costs

v

Estimated Agency Timing

Figure 2:5 LCC Cash Flow Example

For LCCA to be performed in a right way, the prageson, how to design the bridge should
contain a lot of documents describing the bridgenfia lot of different aspects, Table 2:7 present
these documents as follow.

Table 2:7 Documents to be submit with the bridge design psapo

A) Descriptions B) Design calculations
General description of the - Rough statical and dynamical analyses of
proposal and the bridge
design concept - Alot of other important factors that affect
Technical description. the bridge, as for instance wind, stability,
Description of the construction vibration, stiffness, etc
process. - Rough estimated cost calculations

Description on how to inspectand. | cc-calculation.
maintain the bridge

C) Drawings D) Perspective/Photomontage/Model
Plan. - Photomontage of the bridge on four
Elevation. delivered pictures.
Special elevations in a smaller | - Model in scale 1:500.
scale 1:100.

Type sections.
Important details.
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3. BRIDGE USER COST

-&9%6¢

3.1.1 Definition

Bridge user costs are costs incurred by userseobtiiige as a result of deteriorated conditions on
the bridge, such as a narrow width, low load capaor low vertical clearance which are resulting
from construction, maintenance, inspection, reftabibn, and demolition activities, leading to an
increase in the vehicles trip time which is tratesflainto user delay costs, additional vehicle
operating costs and increase risk and accidens.cost

3.1.2 Background

The bridges are aging, and the agencies are fagusirmaintenance and rehabilitation of existing
bridges infrastructure to a greater extent tharr éefore. Work on existing bridges, whether its
purpose is to rehabilitate or to add capacity, ireguthe use of work zones to protect bridge users
and construction workers. By reducing capacity, kvoones often cause user costs to rise due to
increases in travel time, vehicle operating castsl, possibly the number and severity of crashes.

User costs contribute significantly to the totde lcycle cost and should be considered in the
analysis of bridge networks, designers should cemgioad user costs when determining the most
appropriate construction staging and final design.study by the Florida Department of
Transportation (Thompson et al., 1999) estimated giser costs may exceed the repair costs by a
factor of 5 or more.

Bridge user costs are not direct costs, but theglidertly affect the public it serves. For example,
the construction of a $1 million full width shouldeo reduce bridge user costs by $2 million
increases agency costs to reduce road user costs.

3.1.3 Objective

This chapter will familiarize the analyst with wodone and traffic characteristics, explain the
possible related bridge user cost components, awdide a step by step procedure for
computations considering all traffic condition teld aspects.

Based on this procedures and information, develsgstematic computer program to simplify and

facilitate the quantification and then, enable tetedmine the cost effectiveness of various
alternatives and optimize the work-zone strategiesder to minimize user costs.
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Before addressing bridge user cost calculationgquiores, it is helpful to understand the bridge user
cost components. Figure 3:1 illustrate the user @m®mponents and their appearance events.

e ]

( ) (

Construction & Installation Operation & Maintenance]
(S J (.
( ) (

Inspection Repair, Replacement & ]

L ) L Rehabilitation
( N\

Demolition & landscaping [===
(S J

[ Traffic Delay Cost ] [Vehicle operation Cost] [ Accident Cost ] [ Failure cost ]

Figure 3:1 Bridge user cost components and appearance events

Bridge user cost during a work zone are usuallyjuatad with respect to the traffic delay costs
(TDC), the additional vehicle operating costs (VAQE@)ross the work zone, the related-accident-
costs (AC), and the risk of failure cost (FC). Thlowing equation is used to determine bridge
user cost during a work zone.

BridgeUserCost=TDC +VOC+ AC+ FC

The costs should be calculated to present valdeadded up for all foreseen maintenance and
repair works for the studied time intervigl

3.2.1 Traffic Delay Cost (TDC)

The traffic delay cost (TDC) results from the irase in travel time through the work zone due to
speed reductions, congestion delays, or increastande as a result of a detour. Therefore, the
TDC is calculated based on the difference betwhertiine taken to cross the bridge and the time
taken to finish the detour or the work zone.

TDC = :OT' ADT " Ni* (F-Wo + (1- rT)Wp)ﬁ

Where:-
T =Tw - To ) To:VL ) Tw = 2?7
T is the travel time delay for one ve;licle in cas&vofk zone (hour),

ADT; isthe average daily traffic at time t, measuredumber of (vehicle/day),
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N is the number of days needed to perform the wotkreg t,(Day),

rr is the percentage of trucks from all AVD,

Wt is the hourly time value for one truck,

Wp is the hourly time value for one passenger care,

Twz is the time taken to finish the detour or to criteswork zone(hour),
T, is the taken to cross the bridge during the nofftaal conditions,(hour),
L is the affected bridge lengtfkm),

Vo is the traffic speed in the normal traffic flow abtion, (km/hr),

Vivz is the work zone speetkm/hr),

TE is the bridge expected life span.

The duration travel delay time in case of work z@heis strongly associated with the traffic flow
condition, the hourly traffic distribution, and vikozone construction window; we will do deeply in
this matter in the work zone and traffic charastérs subsection in this chapter.

The value of w

The value of one hour of travel time per vehiclagsumed to be equal to:

o $8/hr/veh regardless of vehicle typkee Federal Highway Administration (1989)
o $25/hriveh. regardless of vehicle tyde;et al. (1997)
o $12/hriveh. regardless of vehicle typehonfeld (2003)
0 Thoft-Christensen (2006)
$11,38-11,58 for passenger cars.
$22,31-27,23 for trucks

Recommended value of.

It should be equal to the average hourly wage ¥erage employee in the considered country. The
argument for that is, becau¥¢is representing the value of delaying the vehdriger one hour
instead of reaching his work at time. For exampieSweden 200%he average hourly wage is
equal to 120 SEK which is approximately equal td,&his will be suitable for passenger cars, and
for other vehicles is equal to this value multiply 2, regardless the number of persons inside the
vehicle, so the recommended value accordirfsvieden 2009

$ 14,0 /hr for passenger cars.
$ 28,0/hr for other vehicles.

3.2.2 Vehicle Operation Cost (VOC)

VOC is an additional cost incurred by the bridgerusxpressed as extra costs to operate the
vehicle additional time due to the traffic distunbas because of the work zone or detour. The
operating costs include fuel, engine oil, lubricatimaintenance, and depreciation.

TE

VOC = T ADT:" Nt~ (rTOT+ (1' rT)Op)%
t=0 @+r)
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Where:-

Same parameters are used except for:

Or is the average hourly operating cost for one tinckuding its goods operation,
O: is the average hourly operating cost for one pagsecare.

The value of O
The recommended value accordingstweden 2009

$9,5/hr for passenger cars.
$ 21,5/hr for other vehicles.

3.2.3 Accident Cost (AC)

Background

AC is representing the costs of increasing the ofkcrushes, health-care, and deaths which
resulting from the traffic disturbances due to wnokie on the bridge.

Although bridge-related accidents represent onlyuald.7% of all traffic accidents, the degree of

severity is estimated to be from 2 to 50 timessineerity of general roadway traffic accidents. The

average number of peoples were killed in bridgateel accidents was determined to be equal to
0.009 persons/accideffibed-Al-Rahim and Johnston, 1991, 1993).

Computation method

Obviously its consequences appear when compariogliffierent types bridge structures, where
the risks for accidents and the safe maintainglalie differs. The bridge accident costs during
work zone could be calculated as:

Te ; ; ; ; ; 1

AC= ADT:" Ni" (A- A C” P)+(C° P
_ADT N (A- A) [(c” P)+(C” P oy

Where:-

Same parameters are used except for:

- A The bridge accident rates during the normal comdlitiAccident/Vehicle/L/day),

- A The bridge accident rates during the work actisijtfaccident/Vehicle/L/day),

- Ce The average cost per fatal deaths accident fosdbiety

- G The average cost per serious injury accident f@stitiety

- Pr The average number of killed persons in bridgeteelaccidents, which is
equal td0,009(Persons/Accident)

- P The average number of injured persons (not kilieddridge related accidents,
which is equal t00,991 (Persons/Accident)

Value of average cost per accident
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o Swedish Road Administration 2009
$1,500,000 for fatal deaths crush
$500,000  for serious injury crush

0 United States of America FHWA
$1,240,000 for fatal deaths crush
$151,000 for serious injury crush

o $68,404 Soares (1999)

o

Recommended value in this chapter
$1,500,000 for fatal deaths crush

$160,000 for serious injury crush

Bridge- related accident rate

Aded-Al-Rahim and Johnston (1991, 1988)posed a model for calculating the risk of aenid
that considers the average daily traffic (ADT) &l bridge length, as follows:

NOACC =[0,783" (ADT %°™%)" (BL**®)" (WZ +1)°%|- 133

Where:
- NOACC = The number of accidents per year,
- LB = The bridge length in (Feet)
- Wz = The work zone width, in (Feet), equatero during normal conditions

Comments & Recommendation

It is difficult to accurately quantify the work zerexposure rate (i.e. the length of the work zone
and the hours and days the work zone queues g@ladr). Further, the crash rate, while generally
higher in work zones than non-work zones, is kil enough that there may not be any crashes in
a given work zone because the exposure periodsistgw short to allow for statistically valid
results. Finally, the problem is compounded byftw that work zones differ in the way they treat
maintenance of traffic. For example, some work songe permanent barriers, while others use
cones or drums; some narrow the lanes, while othaistain lane width and shoulders, etc.

o While there is a limited amount of work zone crdata, the validity of the data used to
compute the crash rates is sometimes suspected.

3.2.4 Failure cost (FC)
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There is a small risk for the total failure of austure. To get the cost for failure one has to
calculate all costsKH,j) for the failure, accidents, rebuilding, user getasts and so on and then
multiply these costs with the probability for faduand with the appropriate present value factor
according to the formula
n
FC = KH, JR,#
=1 @+r)’

Rj is the probability for a specified failure coupledlKH,j. For normal bridges the probability of
failure is so small that the failure costs couldobatted in the analysis. The cost for servicegbili
limit failure is discussed ifRadojii (1999, but actually the methods presented in the ptesen
paper are a kind of statistically LCC-method gitbat the parameters for remedial actions are
considered random.

o Due to the limited availability of probability o&ifure data, the inclusion of the failure
costs as part of the Bridge user costs is not renended.

-&- L )

An example of historical agency data and feedbaiading recommended time required to
perform work activates are presented in Table 8:fblow:

Table 3:1 Work activities that affect the traffic

Work Activities That affect or disturb the Traffic

| Recommended | Average Required Unit Duration | Affected Traffic | Limitations &
Intervalsi¥ear) | walue ] Unit From [ Over JUnder | Comments

Investment (Purchasing, Construction,& Installation)

The Action Mame

Prefabricated Prestressed concrets bridges 100 012 | dayi®| The Eridge Area es es

Convential reinforced concrete bridges a0 0.15 | daym?| The Bridge Area Ves Ves Traffic must detour
Steel Structures 70 0.1 |daym?| The Bridge Area | Yes veg | (Bridge Full Closer)
Timber Bridges 50 0.12 | davim?| The Bridae Area | Yes Yes

Operation & Maintenance activities

Cleaning the bridge of salt 1 0.05 | hrim? Bridge Area Yes Mo

MWaintenance of parapsts, gardrail& railings 1 0.15 hrim EBridge Length fes Mo

MWaintenance of surface finish and laning 1 0.1 hrim? Eridge Area Yes [ [s]

Repair, Rehabilitations & Replacement activities

Deck repair & maintenance 12 02 hrim?® Bridge Area Yes Mo

Deck overlay & resurfacing 26 04 hrim Bridge Length es Mo

Deck replacement 44 1 hrirn? Bridge Area fes Mo

Expansion joints repair 4 2 hrim Bridge Width Ves Mo

Expansion joints replacement 12 3 hrim Bridge Width es Mo

Bridge seat & bearings replacement A0 0.04 | heim? Eridge Area es Mo

Gradrail,railings, parapets & fittings replacement 20 2 hrim Bridge Length Ves Mo

Edge beam impregnation & repair 25 05 hrim Eridge Length Yes Mo one closed lane
Edge beam replacements 50 15 hrim Eridge Length es Mo one closed lane
Superstructure replacements 50 2 hrirn? Bridge Area fes Mo

Substructure replacement S0 05 hrim? Eridge Area ‘Yes Mo

Painting of steel structure, whole bridge 25 0.2 hrim?® Bridge Area Mo ‘es

End of life Management { Demolition and Landscaping) activities

Prefabricated Prestressed concrete bridges 100 012 dayfm2 The Bridge Area es es

Convential reinforced concrete bridges a0 0.15 | dayim®| The Bridge Area fes fes Traffic must detour
Steel Structures 70 0.1 |dayim?| The Bridge Area | Yes ves | (Bridge Full Closer)
Timber Bridges 50 012 | dayir?| The Bridge Area | Yes a5

&1 7 (8 . 5
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3.4.1 Work Zone Definition

Work zoneis defined as an area of a highway in which maemer and construction operations
are taking place that impinge on the number of daaeailable to traffic or affect the operation of
the traffic flowing Work zones restrict traffic flow either by restraig the capacity of the bridge
or, by posting lower speed limits.

In order to calculate bridge work zone related wssts the characteristics of the work zone must
be defined. Work zone characteristics include $actors as work zone length, number and
capacity of lanes open, duration of lane closurmesng (hours of the day and days of the week) of
lane closures, posted speed, and the availabiilyti@affic characteristics of alternative routes.

3.4.2 Causes of the Traffic Delay at the Work Zone

There are three sources of traffic delay at workezo

0 Speed reduction delay (moving delay),
o Congestion delay (stopping delay).
o Circuity delay (extra distance moving delay),

Speed-reduction delayesult from vehicles moving more slowly than titeemal bridge speed.

Congestion delayoccurs when the hourly traffic volume is gredtem the capacity of a work zone
for a significant period of time. In this case a&ge forms, the queue decreases only during time
periods when the demand is less than the capacity.

Circuity delay is a term used to describe the additional mileahgeusers travel, either voluntarily
or involuntarily, on a detour to avoid a bridge waone or queue situation. Its usually take place
in the construction and in the major replacemetivities when the bridge have to be closed.

3.4.3 Work Zone Construction Window

Bridge repair and rehabilitation window (time ofydéo do the work) traditionally occur at
nighttime because daytime closures cause unacdemalays to weekday peak travel. However,
the disadvantage of having nighttime closures as they may lead to lower work quality, longer
closure time and higher construction and traffiaitoal plan costs. Four construction window
strategies are recommended:

Nighttime shifts closure, from 7:00PM To 5:00AM,
Fulltime closure, 24 Hour/Day.

Weekend closure,

Weekday closure.

O O Oo0OOo

Alternatively, combinations of the four constructimindows are used some times.

Hourly traffic distribution

The effective procedure for quantifying speed réidmcdelay and is to convert the ADT into an
hourly volume, estimate the delay on an hourly $iasnd cumulate the hourly delay into a daily
delay. Data related to the ADT and the hourly teaffistribution is often available from the
municipalities. As an illustration, Table 3.2 shows example of hourly traffic distribution
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(USDOT/FHWA, 1998) and provides a distribution fac(% ADT) for each hour of the day for
different highway types. Based on this distributiaator, the hourly traffic can be calculated as:

Hourly Traffic= ADT x Distribution Factor
Table 3:2 Example of Hourly Traffic Distribution (USDOT/FHW2998)

Hour Distribution Factor(%ADT) Hour Distribution Etr(%ADT)

From] To Interstate Other Frorh To Interstate Other
0 1 1.70% 0.90% 12 13 5.70% 5.70%
1 2 1.40% 0.50% 13 14 5.90% 5.90%
2 3 1.30% 0.50% 14 15 6.30% 6.60%
3 4 1.30% 0.50% 15 16 6.90% 7.70%
4 5 1.40% 0.90% 16 17 7.20% 8.00%
5 6 2.10% 2.30% 17 18 6.60% 7.40%
6 7 3.70% 4.90% 18 19 5.30% 5.50%
7 8 4.90% 6.20% 19 20 4.40% 4.30%
8 9 4.90% 5.50% 20 21 3.80% 3.60%
9 10 5.20% 5.30% 21 22 3.40% 3.00%
10 11 5.50% 5.40% 22 23 2.90% 2.30%
11 12 5.80% 5.60% 23 24 2.40% 1.50%

3.4.4 Work Zone & Traffic Flow Conditions

The duration of work zone delay time is stronglgasated with the traffic flow condition. Three
types of the traffic flow condition:

o Unrestricted flow conditionswvhere the traffic operates under “Base Caseéasin
o Forced flow conditionswhere traffic operates under “Queue” situation
o Circuity flow condition where traffic is forced to utilize a detour

Unrestricted Flow Condition

Where the traffic volume is below the work zone aty, all traffic that flows through the work
zone, must slow down while traveling through it ahén accelerate back to normal operating
speed. The delay time components associated wathirthestricted flow condition are described in
the below figure.

9N

@—— T1,(Vo—Vwz) | T2,(Vwz) ——=a@)— T3,(Vwz—Vo)

(L) Work Zone Length(Lo) (L3)

The Affected Bridge Length(L)

Figure 3:2 The Delay Time Duration In Case of UnrestrictedwriGondition
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T=Tw-To ) To=

L ) Twz=T.i+T.+Ts

Where:-

T is the travel time delayhour),

T, is the required to cross the affected bridge le(igttduring the normal flow
conditionghour),

T, is the time required to decelerate from the norspakedV,) to the work zone
spea¥wz), (hour),

T, is the time required to cross the work zone drivagghe posted work zone
sped¥wy), (hour),

T3 is the time required to accelerate back from thekveone speeVyz), to the

normal spe€d), (hour).

Parameters identification and valuation:

L, Is the minimum distance needed to decelerate ¥Wpio V,, (M)

2 2
L.= dh + dae = 0.278LV o 4 10—V
245(f +G)
Where:
- d The perception reaction distamag (
- Ogec The minimum deceleration distanas) (
- Vo,Vaz The normal speed and work zone spdanl/)
-t The perception/reaction tirBe€), average equal to 2,5 sec.
- f The AASHTO stopping friction coefént dimensionlegs Table 3:3
- G The roadway grad#iriensionlegs assume it equal to zero(horizontal bridge)

Table 3.3  Design speed and the corresponding friction coeflic(USDOT/FHWA, 1998)

Design Speed
(km/h)
Coefficient of
Skidding Friction(f)

30 40 50 60 70 80 90 100 | 110 | 120

0.4 038 | 035 [ 0.33 ( 0.31 | 0.3 0.3 [ 029 [ 0.28 | 0.28

T1 Is the time needed to decelerate frggto V., (hr)

2ddec.
+

Lo Is the optimum work zone length, which is the dul#alength to fit the work
equipments, workers, and the working area itseffc@arse its depend on the type of the
working activities, the bridge length, and the teabgy used in the work. But we can say
here, the minimum acceptable safe working lengtiulshnot be less than 150 m regardless
the bridge length, the recommended length can terad from the following table:
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Table 3:4 Bridge length and the recommended work zone length

Bridge Length (m)

<150

150 - 50

) >500

Recommended optimum work zone length LO (n

15

N—r

200

300

For simplification consider the average length rdlgss the bridge length is equal to 200 m.

T,  Isthe time required to cross the work zone driagy/\vz (hour),
robe
Ve
Ls Is the minimum distance needed to accelerate bbackV,, to Vo
L:=V.wT:+ ﬂ
Where:

- a is an average vehicle acceleration rate whiggisl to 2,28 m/S&¢29458,8km/hr)

Tz Is the time required to accelerate back fddga to Vo, (hr).

VO'sz

a

Ts

As an application for the above mentioned systemh farmulas, we can relate the travel
time delay of the bridge work zone to bridge norsded as shown in Table 3:5.

Table 3:5 Traffic delay time due to unrestricted flow coruatit

Unrestricted Flow Condition

Design Speed V g(kmih) 30 40 50 60 70 20 90 100 [ 110 | 120

Ly () 2366 | 3532 [ 4525 | 5531 6577 | 8519 | 96.22 | 10856 134.76] 16175

Ly () 200.00(20000(200.00(200.00(200.00| 200.00]200.00) 20000 200.00] 20000
Lsirm ) 043 [ 104 [ 137 | 171 | 205 | 335 | 386 | 437 | 618 | 817
Ty (hr) 000 [ 000 | 00O | OO0 [ 000 | 00O | 000 | OO0 | 000 | 00O
Tafhr) o001 ( 001 001 | 00O | 000 | OO0 | 00O | OOO | 000 | OOO
Tsthr) 000 | 000 | 000 | 000 | 000 | 00O | 000 | OO0 | 0.00 | 00O

The Affected Bridge length Lim ) 22408 236.35(246.62( 257.02( 267.82| 288541 300.08) 31292 340.94 | 36992
The Travel during wiork zone T,,.(hr) 001 { 001 | 001 | 000 | OO0 | QDO [ OO0 | OO0 [ QOO | DOO
The Mormal Travel time Tgihr) 001 { 001 | 000 | 00O | 000 | QOO [ OO0 | 00O [ 000 | D00
The Travel Time Delay T (hr) 000 [ 000 | 000 | 000 [ 000 | 000 | 000 | 000 | 000 | 000
The Travel Time Delay T (Sae. ) 484 | 612 | 371 | 249 ) 180 | 225 | 175 | 141 | 169 | 181

Forced Flow Condition

Where the traffic volume exceeds the work zone caparaffic flow breaks down and a queue of

vehicles develops as shown in Figure 3.4. Onceeagulevelops, all approaching vehicles must
stop at the approach to the work zone and creeughrthe length of the physical queue under
forced flow conditions at significantly reduced sgs, it is common for queues to develop in the
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morning peak traffic period, dissipate, and thaexelop in the afternoon peak traffic period. The
delay time components associated with the foraaa ondition are described in the below figure.

L@Qu;@u;gou;@igg

) RN vv T S~ T T T T T T T T == -
‘&tz'o«l ¢ AR 2 -y — ‘{
n T o g 3‘&%""&:& YON Bssa. 1D

BRAA Y
BRI '~'~ IS "325?‘

¢¢

|=—Stopping Lenght(Ll) —si==—— Queue Length (Lg)-—-»t-==Work Zone Length(Lo

T4,(Vwz—Vo)

| «T2,(Vq—Vwz)+T3,(Vwz) g
)

Acceleration Lenght(L3)-={

The Affected Bridge Length(L)

Where:-
T

Ty

Figure 3:3 The Delay Time Duration In Case of Forced Flow Ctod

L

T=Tw-To y To=— ’ Wz—T1+Tq+T +T:+T.

[o]

is the travel time delayhour),

is the required to cross the affected bridge le(igttduring the normal flow
conditionghour),

is the time required to stop the vehicle from tbenmal speedVo), (hour),
is the time required to creep through the queuthéyjueue spedd,), (hour),

is the time required to creep through the work Zonérs step, accelerating from
The queue spg¥y) the work zone speédyz), (hour),

is the time required to creep through the work Zmnpsecond step, driving by
work zone spd¥(d2), (hour),

is the time required to accelerate back from thekveone spee@wy), to the
normal speé€d,), (hour).

Parameters identification and valuation:

L1

Is the minimum stopping sight distance needed teldeate fromV/, to 0 ,(m)

V 2
245 (f = G)

L1: dr+ db: O.278trV0+

The perception reaction distamp (
The minimum breaking distancen)(
The normal speedkin/h
The perception/reaction tinge(), average equal to 2,5 sec.
The AASHTO stopping friction coefént ([dimensionlegs
The roadway grad#iriensionlegs assume it equal to zero(horizontal bridge)
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T,  Isthe time needed to stoop the vehicle (Sec.)

2d,

0

l:tr+

Ly Isthe average length of the quegm)
L, = Averagesehicldengh(AVL) AveragejueuedehiclegLan(AQV)

The average vehicle length includes an assumedcleeléngth (VL) and the space between
vehicles. The mixed flow VL is 7,62 m. The spacéwsen vehicles is computed as one VL for
every 16 km/h of the average queue velodiy.(The minimum average vehicle length is 12,2 m.

762+ 762(2)
16
122 m

AVL = max. of

V/C Ratio

The volume to capacity (V/C) ratio is calculateddiiding capacity of the bridge in case of work
zone by the normal capacity of the bridge. The ayemueue velocity) is determined by using
V/C Ratio and the following graph.

45
40 > 4

35 /
30 /
25 /

o _—
10 _~

_—

0 0.2 0.4 0.6 0.8 1
V/C Ratio

Average Queue Velocity Vg (krmvhr)

Figure 3:4 Average Queue Velocity Vq versus V/C Ratio sou{RP133)
The formula for this graph can be utilities in tbdowing equation.

V. =1918(V/C)? + 21,48(VIC) + 0,0057

According to this, the average vehicle length cardlculated as show in Table 3:6.
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Table 3:6 Average vehicle length according to bridge configion

B Coufgrio e Normal Capanty | Up notmal Caparty | Normal (lfapacity Up normal‘Capacity olume To Capacty | Average Quene | Average Vehucle

(Vebllmethr) | (Febllanslie) | (Vo) | (VebThnr) Ratio FIC Speed Uy omfr) | Lengh AVL (m)
Two-Lane Undwded | (TCPI) 1400 600 1400 00 043 13 137
Boe-Lane Diwided [ (TCES) 2,100 1,300 420 1,500 031 f 122
Ste-Lane Undmded | (TCF4) 2200 1400 6,500 2800 042 13 136
Ste-Lane Drmded /. (TOPY) 220 1400 6,500 2,800 042 13 136
Stz-Lane Undwmded | (TCES) 2200 1,200 6,500 1,200 (.18 ) 122
Ste-Lane Dmded | (TCPJ) 2200 1,200 6,500 1,200 (18 ) 122
Mublare Bndge ! (TCPG) 2300 1400 8,200 2,800 0.30 § 122

Ty Is the time required to creep through the queue.fSe

L
T, = —
V,
L, Is the minimum distance needed to accelerate fmeed equal &, to Viyz
a(T.)?
L,=V.T.+ al:)”

T,  Isthe time required to accelerate frdfyito Viwz through the work zonghour),
_ sz - Vq
, = ——— 7
a
Where:

- a is an average vehicle acceleration rate whiggisl to 2,28 m/S&¢29458,8km/hr)

Ls Is the remaining work zone length which is equald4d.,
L= Lo- L:

T3 Is the time required to creep through the work Zopdriving with (Vwz), (hour),

T2:E
Vie

L, Is the minimum distance accelerate back needewtoV,,, to Vo

2
Lo=vaT.+ 2097
2
Where:

- a is an average vehicle acceleration rate whigisal to 2,28 m/S&¢29458,8km/hr)
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T4 Is the time required to accelerate back fidga to Vo,

_VO' sz
a

Cricuity Flow Condition

Circuity is a term used to describe the additiasiatance that users travel, either voluntarily or
involuntarily, on a detour to avoid a highway waidne or because of the bridge closing situations.
Fornon-detour cases, it is assumed the traffic wila on the bridge and travel theeue and/or
work zone situations. If a formal detour is estsiiid and traffic is forced to detour, the assodiate
cost components are described below.

L Lo
T=Tw- To y To=— y To=—
Vo Vo
Where:-
T is the travel time delayhour),
T, is the time required to cross the affected briggeyth(L) during the normal
flow conditionghour),
Lp is the length of the detouikm),
Vb is the posted detour speékin/hr)

If the traffic is forced to detour and the lengfittee detour is not mentioned as in the
construction and demolition stages, assume theHesfghe detour and the detour velocity are
equal to:

Lo =3" The Bridgd_enght

Vo = 0,85, Vo

3.4.5 Work Zone Duration (Nt)

The duration of the maintenance/rehabilitation\atgtis a major factor in determining the number
of days a work zone is required. The work zone tihmas defined as the length of time a work
activity occupies a specific locatiomhe manual of uniform traffic control devices (MUOC
(USDOT/FHWA, 1998jivides work duration into the following five caferies:

0 Long-term: for several days or enor

0 Intermediate-term:  from a minimum of one dayto several days
o Short-term: for no more than 12iso

0 Short-duration: for up to one hour

0 Mobile-work: a work zone that movesitiouously

Work Zone Velocity ()

"The safety of motorists and construction workeysthie top priority of the department,” said
Transportation Secretary Gene Conti. "Speedinggstimber one contributing factor in work zone
crashes and the results of this partnership shreahihd motorists that it will not be tolerated."”
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0 Road User Cost ManualJDOT)
Generally a 10 - 15 mph reduction in the normaksip§)).
0 Chen and Schonfel@003,
On averageV,; is equal to 50 km/hr work zon¥g equal to 80 km/hr
0 Michigan Vehicle Codel974
Work zone speed is 45 mph maximum unless othemaseed,
o National Cooperative Research (NCHRP) report 19066 adopted by AASHTO,
Maximum speed reduction should not exceed 10 mph,
In case of worker existence on the work zogshould be less than 45 mph,
o North Carolina Department of Transportation 2008,

Typical speed limit reductions are 10 mph below #&xésting posted speed limit a
maximum 15 mph speed reduction may be used,

It is strongly recommended that no speed limitooweb5 mph be posted on fully
controlled access facilities,

Speed reduction should applies to an area 1/2imiength or greater.
0 Recommended Values &f,,

Generally a 15 - 25 mph reduction in the normakspiy).

Table 3:7 Average vehicle length according to bridge configion

Normal speedVy (km/h) 30 40 50 60 70 80 90 | 100 | 110 | 120

Recommended,,(km/h) | 25 30 40 50 60 65 75 85 90 95

-&3

Bridge user costs are directly dependent on themveland operating characteristics of the traffic
on the bridge. Each construction, maintenance,rahdbilitation activity generally involves some
temporary impact on traffic using the facility. Tirapact can vary from insignificant for minor
work zone restrictions on low volume facilitieshtighly significant for major lane closures on high
volume facilities.

The major traffic characteristics of interest fack work zone include such factors as the overall
projected Average Daily Traffic (ADT) volumes, thesociated 24-hour hourly traffic distributions,
and the vehicle classification distribution withihe traffic stream. Each of the major traffic
characteristics is discussed in the sections thkatn.

3.5.1 Vehicle Classification

Bridges users are not a homogeneous group. Thdydmccommercial and non-commercial
vehicles ranging from motorcycles and passengexr ttaough the heaviest truck&ppendix of the
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FHWA Traffic Monitoring Guide, Third Edition (Fekaty 1995)includes 13different vehicle
classifications. These different vehicle types hdifierent operating characteristics and associated
operating costs.

For simplification of vehicle classifications anansistency with available traffic data, it is
recommended to ustassenger CamandTruck classifications only.

The Truck Percent from the ADT )

Of course the percentage of the truck on bridgesfiering from case to case. Many case studies
were tock place to compute the average percermuoks on the roads or bridges. The following
information and equation are concluding some.

0 Calgary Region External Truck Survey Study 2001:
Average for All Locations 15.3%

0 FSOT Florida Traffic Information 2002 :
Average for All Locations range from 7,36% to 12@4

0 Based on analysis of intensive traffic surveyintadthe recommended value

r- = 0,0001 ADT + 8,40
Where:

rr is the percentage of trucks from the AVD,

3.5.2 Traffic Growth Rate

Due to factors such as population growth and ecanpnosperity, the volume of traffic on bridges
increases each yealohnston et al. (1994stimated that the traffic growth on interstatghiways
is 4.06% and on other highways is 1.94%.

Calvano (2003ktated that in Canada the traffic growth betwe@®62and 2011 is estimated to be

1.1%. Based on these values, the current ADT estimmathe present user cost model is given in
the following equation,

ADTt — ADT , (1+ 1.1%)Yea|t-Yea|m

Where:-
ADT; is the ADT to be used in the analysis at ye@véhicle/Day),
ADT isthe measured average daily traffi¢ehicle/Day),
Year; is thecurrent year,

Yearn is the last year in which the ADT is measlure

3.5.3 Traffic Control Plan (TCP)

The basic concept of a traffic control plan is &rmit the contractor to work on a bridge while
maintaining a safe and uniform flow of traffic. T@Re chosen based on the number of bridge lanes
and the type of repair. Table 3:8 and Figure 3ustitate some available bridge TCP.
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Table 3:8 Suggested Traffic Control Plans for Bridge Confagions

Bridge Conflgurat|0n| Direction Lanes TCP Notes
Type Normal| Open
Two-Lane Undivided 1 1 Plan ] One lane open for traffic in two directions
Two-Lane Divided 1 1 Plan 4 Shoulder used as a lane in the work zong (*)
Four-Lane Undivided 2 1 Plan BOne lane closed in one direction
Four-Lane Divided 2 1 Plan 3 One lane closed in one direction
Six-Lane Undivided 3 2 Plan 4 One lanes closechmdirection
Six-Lane Divided 3 2 Plan 4 One lanes closed in one direction
Six-Lane Undivided 3 1 Plan % Two lanes closed in one direction
Six-Lane Divided 3 1 Plan § Two lanes closed in one direction
Multilane >3 2 Plan 6 | Two lanes closed in each direction
Special Traffic control Planes
Six-Lane Undivided 3 15 Plan 7Two Iane_s closed in one direction and
one lane in the other direction
Deck full replacemeng 0 Plan 8] Full bridge closure and complete detour

Multilane—Lane Divided/Traffic Control Plan (6)

Figure 3:5 Suggested Bridg€raffic Control Plans (TCP)

(*) in this case, the cost of the temporally sheulthust be added as extra cost
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3.5.4 Bridge Traffic Capacity
Bridge traffic capacity is the maximum number ohides passing a point on the bridge at
established bridge conditions. In analyzing bridgek zone related user costs, there are two
possible capacities:

o The capacity of the bridge under normal operatimgitions,

o The capacity of the bridge when the work zone iglate,

Normal Bridge Traffic Capacity

Normal Capacity is the maximum traffic volume adige can handle under normal bridge
conditions. Table 3.9 provides the ideal capacigcdity type can handle. The normal capacity of
the bridge is used during the non-work zone hodremall traffic lanes are open.

Table 3:9 Normal Bridge Traffic Capacity

Bridge Configuration Type Ideal Capacity Veh/ldreair
Two-Lane Undivided 1,400
Two-Lane Divided 1,400
Four-Lane Undivided 2,100
Four-Lane Divided 2,100
Six-Lane Undivided 2,200
Six-Lane Divided 2,200
Multilane Highway bridge 2,300

Work Zone / Detour Capacity

Bridge capacity in the work zone is estimated fresearch studies according to intensive traffic
data, and adopted in this chapter according tarétfic control planes Table 3.10 reflects average
vehicle flow capacities at several real world waokes under several lane closure scenarios.

Table 3:10 Bridge Traffic Capacity in Case of Work Zone

Bridge Configuration Type Traffic (C%gir)ol Plan Recomm\sgﬂ/elzgnAe\//ﬁgigrje Capacily

Two-Lane Undivided Plan 1 600

Two-Lane Divided Plan 2 900

Four-Lane Undivided Plan 3 1,300

Four-Lane Divided Plan 3 1,300

Six-Lane Undivided Plan 4 1,400

Six-Lane Divided Plan 4 1,400

Six-Lane Undivided Plan 5 1,200

Six-Lane Divided Plan 5 1,200

Multilane Plan 6 1,400
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As culmination of the progress in this chapter,impte Excel based computer program was
developed,; to illustrate this model let us takea example during a bridge design competition.

3.6.1 Practical Example
Overview

The project objective is to build, maintain, aneetwally dispose of a new interstate bridge. The
engineer first makes a general description of the af the bridge and the environment in which it
will exist. The structure is 115 meters long, 1fbters wide. The bridge is part of an interstate
highway that has a currently traffic volume of 38)0Vehicle per day. The unrestricted design
speed is 90 km/hr. The engineer next lists themmimn performance requirements of the structure
that all design proposals must satisfy. The strectnust be able to carry the loads prescribed in
Bro 2004 specification. The spans between pierd matsdeflect more that L/800 meters.

A four lanes conventional reinforced concrete beidg on of the proposed design alternatives
which satisfied these performance-based requiresyiing design competition.

The target now is to calculate the total bridger wsest that will incurred by this design proposal
during its whole life cycle.

3.6.2 Application using the developed computer program

The developed bridge user cost model is availabtecan be order from KTH or from the author,
the model has four windows, the input window, agstiom window, work activation and
deactivation window, and the output window. Consstly, using the above mentioned example,
the input data window is shown in Figure 3:6 below.

Input Data Window

Figure 3:6 BUC computer model window No. 1 (Input Data)
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3.6.3 Assumptions Window

All of the assumptions are according to the aboeationed system and formulas, but the user can
change them according to the bridge situation. Adiogly, the assumption window is shown in
the following figure.

Figure 3:7 BUC computer model window No. 2 (Assumptions)

3.6.4 Working Tasks Activation Window

According to the bridge type, the user can activateleactivate of the proposed actions and can
also change the intervals or add other workingvaiets. Consequently, using the above mentioned
example, work activities window is shown in Figa:8 below.
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Figure 3:8 BUC computer model window No. 3 (Tasks Activation)

3.6.5 Calculation Sheets

The time delay calculation sheets are hidden sheitsn the model. Consequently, using the
above mentioned example, the time delay calculaimets which present the computation system
are presented in Table 3:11 and Table 3:12 asaollo
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Table 3:3 BUC Computer model, Time Delay Calculation Sheets
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Table 3:4 BUC Computer model, Queued Vehicles CalculaticaeSh

3.6.6 Results Window

The forth window is the output window. Obviouslyetlbridge user cost is shown according to
Figure 3:1, which presents the costs accordindp¢oproject stages and according to the user cost
type. Figure 3:9 illustrate the result of the abowventioned example.

Figure 3:9 BUC computer model window No. 4 (Output)
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4. BRIDGE AESTHETICAL AND CULTURAL VALUE

1&Ye#

This chapter is a development, adaption, and neaditin to the appreciating work which carried
out INETSI Il project SP 3subproject, by project group whiclonsisting of following persons:

o Dipl. Eng.Seppo Aittdrom theFinnish Road Administration
o Civ. Eng.Hans Bohmarirom theSwedish Road Administration
o Civ. Arch.Eldar Hgysaetefrom theNorwegian Road Administration

o Dr Tech.Aarne Jutilafrom Insindoritoimisto Extraplan Qy

4.1.1 Background

Bridges have been part of human settlement forsthieds of years. Historic bridges stand as
evidence of the power and influence of past sagetThey vary greatly in style and reflect the
culture and engineering innovation of their society

Bridges are often seen more or less as sculptmescans to which the citizens may relate as the
soul of the city. This atmosphere and the willderitify the town and its values with an icon may

motivate for bold and spectacular solutions. Sonogepts have exceeded all cost estimates but still
it has been possible to fulfill them with success.

Modern bridges exploit the latest technologies andstruction techniques. They allow us to
challenge the landscape in new ways and so impaskamd on the landscape. It is important to do
so well. Location of a bridge, cultural values bé tsurroundings, landscape, viewpoints of local
people, and our understanding of the context shguide our solutions. In short, our bridges
should be beautiful.

4.1.2 Objective

The aim of this chapter is to facilitate the evéilhaof bridge aesthetical and cultural values and
relate them to the other important aspects of keriigsign and construction, i.e., functionality,
economics and techniques.

The second target is to setup some basic desigielgues which can help design teams to produce
bridges of aesthetic value, or at least keep theareof the bridge aesthetics evaluation process.

[&* # +

Ranking of bridges and bridge design proposals dfeeult task. Especially difficult it is, if we
have to make aesthetical and cultural values afgles measurable with other values like cost. At
the first sight the easiest way seems to be tdbkstasome kind of jury to evaluate different
proposal. Of course the judgment of the jury wolbddbased on individual opinions without an
exact scale of measuring. However, an open questibmemains: how to convert the judgment to
money that seems to be the only common value &lail@hen comparing different things. It is
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generally acknowledged, that such a jury in theecaf bridge construction should consist of
experts with right education, profession and positie.g. owners, bridge engineers and architects.
In some cases even ordinary people of the locahwamity could be represented.

For the decision making and to bases the work efjtiny, some guiding principles have to be
setup. The main issue to be clearly stated is wherput weight when comparing different
alternatives. This is even more important, if thielde has special dignity.

In the decision making the following issues havedaonsidered:
Classification of bridge sites and its correspogdinceptable additional relative costs

The considered items and issues and to give th@moppate weights

4.2.1 Bridge site classification

In Finland the so-callectlassification of bridge siteis used. This system was developed by the
Finnish Road Administratior(Finnra). It considers the value of the scenery. A pulbica
"Siltapaikkaluokitusohje(Guide for Grading a Bridge Sitalready exists (in Finnish).

A four-grade system is used for evaluation of ddpisite:

o Class| Very demanding considering dredscape and city view.
o Classli Demanding considering the laagscand city view.

o Classlll Remarkable considering the l@age and city view.

o Class IV Ordinary considering the landscapd city view.

Class I, “very demanding This means that the site includes nation widkiatle views or city
views, culturally valuable landscape or the mogianant joints in the transport network. Also the
most remarkable waterway crossings within the agusrtd museum bridges belong to this group.

Class I, “demanding, possess similar characteristics as those babgntgi the previous class but
their importance is local, for instance remarkatitg or village objects and big bridges crossing
waterways with less modest views.

Class lll, “remarkablé, consists of bridge sites including ordinary watay crossings and bridge
sites at crossings with heavy traffic located algsiity or village areas.

Class IV, “ordinary’, consists of bridge sites including roads witlvlamount of traffic located in
an ordinary landscape outside city or village ar@asvell as sites with low importance where a
road or railway crosses a waterway. These kindwridfye sites usually do not require any special
environmental or aesthetical consideration or desig

4.2.2 Cost and aesthetics can be complementary

Bridges of aesthetic merit need not be more expertbian ugly bridges. For example the shape of
a parapet, abutment or pier might have a negligimjgact on costs but a significant improvement
visually. However if a bridge is designed to bechsap as possible then it is unlikely that it \wii

of aesthetic value. This is not to say that theaplest bridge is necessarily the ugliest bridge,
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however it does mean that cost and aestheticsidagiforces in the design process need to be
balanced.

‘It is unwise to pay too much. But it is worse taygoo little’

4.2.3 Corresponding acceptable additional costs

The acceptance of some additional cost due toridgésite class and the aesthetics demands may
be reasonable; consequently an excellent desigridwe may be 30 % more expensive than a poor
solution and could still be chosen.

The relative shares of bridges in the differenssés suggested in the "Siltapaikkaluokitusohje"
(Guide for Grading a Bridge Site) are given in Eall:1l. Consequently, the additional costs
compared to the cheapest possible solution are givthe same table.

Table 4:1 corresponding additional relative costs in perceygan the different classes
Bridge Site Class
ltem
Il " v
Number of Bridges (%) 1...2 5...15 65...75 15...25
Additional cost allowed 0...30 0...20 0...10 0

No additional cost is allocated to bridges beloggmClass 1V

/&) )

For aesthetics to be successful, it must first dresidlered. It should be an integral part of design
and must be considered both in the general formadirttie details that support it. The parts must
be considered as to how they contribute to the &hol

Generally bridges seem aesthetically more pleasitiey are simple in form, the deck is thinner
(as a proportion of its span), the lines of thadtire are continuous and the shapes of the stalictu
members reflect the forces acting on them.

The aesthetics of a bridge should be considerdldeatonception of a project and through every
stage of development. Aesthetics is not somettiiag can be added on at the end, it & th
final product of the planning, design and pireenent process, from initial route selection,
through environmental assessment, to detail desidrconstruction.

4.3.1 Sensitivity of the bridge type to the context andimplicity
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Perhaps the most fundamental response to contettieischoice of bridge structure. In most
instances it is span length that is the most damt factor in determining the form (and costjof
bridge. Bridges with a horizontal form are genegralteferable to bridges on a grade over flat
simple landscapes and significant expanses of walés can be shown in the following figure.

Bridges with a horizontal form are generally prefaile

N~ N

Figure 4:1 Proper bridge horizontal form

The accepted approximate relationship between spah superstructure type is as
follows.

Short span (up to approximately 18m): pre-stressedrete plank bridges.

Short to medium span (approximately 18-40m): pressid concrete girders or pre-
stressed concrete voided slabs.

0 Medium span (approximately 40-80m): steel or peasioned concrete box girders
or incrementally launched girders.

0 Medium to long span (up to approximately 300m)abakd cantilever.
0 Long span (up to approximately 800m): cable stay.

o Verylong span (longer than 800m): suspension bsdg

=40 -



4.3.2 The bridge form as a whole

Proportion
The dictionary defines proportion as the propeatiehship between things or parts.

Depth to span ratio

The proportion between depth of superstructurelaite spans is an important ratio. It is
referred to the slenderness of the bridge andfisatkas the span length divided by beam
depth. Common ratios can vary from 5 to 30. Th®rat five can result in a very chunky
bridge although with appearance of strength whilec&n lead to very slender bridge. For a
common pier and girder bridge, ratios generallyyvagtween 15 and 20. These notations
and recommendations are given in Table 4:2.

Table 4:2 Proper proportions guidelines

Depth to span ratio

Bridge with a slenderness ratio of Captain Cook bridge, a slenderness ratio
approximately 1:12. of approximately 1:18.

Deck to parapet depth ratio Span to parapet demtia
The ratio of deck overhang relative to A ratio has been developed Byederick

parapet depth is also considered a significantGottemoelletin his book for the relationship

aesthetic proportion and guidelines have between span and depth and parapet height.
been developed by Cardiff University School . .
These formulae form the basis for a guide to

of Engineering. _ _
visual proportions.
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Symmetry, Order and rhythm

Symmetrical bridges are often more aestheticabpgihg than nonsymmetrical bridges and
symmetry should not be departed from unless faageason. Figure 4:2 schematically
present the affects.

Rearranging the parts provides an ordered and plegswhole

Figure 4:2 Bridge Symetry apperancess

Unity of design and detail important

Careful consideration of interrelationship of eatément, and their relationship with the whole is
necessary at all stages of the design process. @atading is essential to good bridge design and
lack of attention to detail can spoil an otherwbsautiful bridge.

4.3.3 The bridge Parts

Superstructure

Parapet

The outer face of the parapet can be one of the ip®rtant aesthetic elements of a beam bridge.
It is the highest piece of the bridge and often th@st dominant in long distance views. The
following principles (Figure 4:3) should be consil@in the design of the parapet.

Figure 4:3 Proper parapet design principle
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Girder elevation
Table 4:3 Proper girder elevation design guidelines
Hunched girders are expressive and Long haunches smoothly tapering out are
responsive to the forcesin thedge They can | much more graceful and responsive than short

often be mordlistinctive and elegant than singleabrupt haunches.
depth beams

Three or five span haunches assthetically Avoid a sharp angle between haunch and
very elegant balanced structures. beam.

Girder cross section

Table 4:4 Proper girder cross section design guidelines

Maximizing the overhang will increase theAn angled connection will minimize this effect
shadow

A very acute angle provides a deep A curved soffit will provide a gradation of tone
shadow nearly all of the time and minimize a sharp line at the base of the
beam.
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Substructure

Headstock

When they are used they draw attention to thegndrthe method of support, if avoided
they better allow the superstructure to dominagehtfidge view. Table 4:5 schematically
present the affects.

Table 4:5 Proper Headstock design guidelines

The headstock and pier combination on thi$ possible headstocks should not extend

bridge addsunnecessgrcomplexityand detalil across the outer face of tgeder.This
introducesunnecessgr complexity and
appears irlevationas if theheadstocks
suppoting the deckatherthan thegirder

Abutment

Table 4:6 Proper abutment design guidelines

Visible size Reducing the abutments can create a

Spill through abutments allow open views to the | more refined and better looking bridge. It

landscape and better visibility to the road beyond! does however increase the span and
therefore depth of beam.

Placement Shape

Continuing the superstructure or the parapet allow#ngling the abutments provides a more
the shadow line to reduce the dominance of the | open sleek look and helps visually anchor
abutment, and makes the bridge appear longer anthe span.

more elegant.
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Piers

Table 4:7 Proper Headstock design guidelines

Longitudinal pier spacing Multiple piers

Too many piers can appear cluttered, while too f&Mhen placed too closely multiple piers can

piers can result in an overly dominating déeam| appear complex or wall like, Collecting

a balance is required multiple piers into pairs or clusters can open
up views below the deck and also give
rhythm and elegance to the supports.

Pier cross section Pier short elevation

Pier shapes with only two lines of symmetry (e.gPi€r shapes which have a slight taper can

ellipses or rectangles) and transverse to the :ihddbelftgancehby V|stually adding we;gh'i tg
centerline of the deck are preferable to squards ane ottom Where Sresses are greatest,

. : economically a taper of around 1:80 is
circles as they present the thinnest edge to tee SHesirable the reverse taper should only ba

view. Rounding off the corners of rectangular| \;sed where the appearance of rigidity is

piers provides a sqfter form, which may be required between superstructure and.pier
preferable in certain contexts

Pier long elevation

A taper can appear elegant and better represents
the structural forces acting upon the pier

One significant advantage with a reverse taper is
that it facilitates the elimination of the headgtoc
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Details

Table 4:8 Proper bridge details design guidelines

Joints and connections Bridge barriers & Railings

A nice joint carenhance the bridge design and A two rail barrieris better than a single
provide another level of detailegsthetic rail barrier in thigespect

interest.

Safety screens Lighting and color

An outwardcurving screen creates a more openThe light columns should relatéo the other
feeling for bridge users and reduces thebridge elements inposition and form. Where
opaqueness of the top of the mésiroadusers. | possible lighting on bridges should be
However it presentsa greater apparent depth of minimized or avoided.

structurefor onlookers. A neutral paletteof black, grays and white
The screens should extend to the ends of theolors tend to give a cleadefinition of the
bridge span. bridge as an object in ti@ndscape
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4.4.1 Body of the system

The system is based on the idea that points givetlifferent things according to a given scheme
and the opinion of the evaluators. Tinember n of thingso be considered can be freely chosen
and each thing can have differeveight wof importance.

The evaluator rule is to give a numerical valuepaoints p on a chosen scale to each thing
that is considered.

For eachthing i the scale can be different, but essential is, thatextreme values;f, and
pimaxare related to each other so that always

Pimin = - Pimax

For evaluating the effect of aesthetical and caltaspectsiAesthetical coefficientakscalculated
by the equation

n
WipPi
Kaes = - a— =

Wi max [9i max
i=1

Here a is another non-dimensionataling factorby which the effect of these aspects can be
regulated. Finally, theelativeaesthetical andultural value cosiCgracy Of a design or a bridge, is
then obtained by equation

Cracv = kaesCac

Here Cag is the Agency cosbbtained by cost calculation considering the cawasion, repair,
maintenance and demolishing costs of the bridga ite whole lifetime. Consequently, the final
life cycle cosbf the bridgeLCCis

LCC = Cac + Cuser + Cracv + Crel

Where:
0 Cac is the correspondinggency cost
0 Cuser is the correspondingsercost
0 Cracv is the correspondinBelative Aesthetical andCultural Value cost
0 Crgl is the correspondinBelative Environmental mpact cost

The system described above enables comparison @etdiferent design proposals, existing
bridges and bridge types as well as evaluatiorven elifferent construction methods.
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4.4.2 Numerical values for p and a

The scale forpoints pand the corresponding individual values should besen so that an
evaluator has enough possibilities to distingursh different designs or bridges, but at the same
time not too many categories to keep the evalugtimeess simple. That is why it is proposed
that

a) The scale for each item is the same,
b) The scale varies from -2 to +2
c) Only five categories with even steps are used.

When so, the extreme valu@s.axhave a constant valugnax= 2 and the categories are as
presented in Table 4:9.

Table 4:9 Numerical values for the evaluation system anchiésning

Category Explanation
-2 Poor
-1 Modest
Medium
Good
Excellent

For the non-dimensionalcaling factor anumerical valuea = 0.30is recommended as it used
also in (Guide for Grading a Bridge Site) are giwerTable 2. That means that in the extreme
cases the Aesthetical coefficigkies varies between -0.30 and +0.30. This may be redédmna
because consequently an excellent design or bmdme be 30 % more expensive than a poor
solution and could still be chosen.

With the values mentioned abokq. (2)takes a reduced form

n n n
Wipi Wipi Wipi
kAES = - a; = - O,SL = - ;I_SL
n n n
Wi max Pi max 2 Wi max Wi max
i=1 i=1 i=1

To demonstrate the system above, let us take alesianfificial example. Let us assume our
bridge is belonging to class Il, and we have omlg things to consider: aesthetics and culture.
Let us consider weightimax= 3 and the latter one weighbmax = 2 (weights belonging to the
maximum case, case l). Let say in bridge caseelfdhmer one have weight; = 2 and the latter
one weightw, = 1. Let us further assume that our bridge wasrg®epoints for its aesthetical
values,i.e,, p1 = 2, and 1 point for cultural valueise., p, = 1. Thus the Aesthetical coefficient
kaestakes the value

@2+ __ o5 e

Kaes = - 157 -
2" (3+2) 10
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Which means that, because the bridge proposalwkadre evaluating is beautiful or have
a good value of aesthetics and culture, so itreduce the agency cost by = 0,075 = 7,5 %.

In case wher&xesis (+ ve), that's mean the proposal that we are evaluasingyly or have bad
aesthetical and cultural value, so it will increéts® agency cost by the valuekags

4.4.3 Bridge site classes

The same four classes which used in the publicaBitapaikkaluokitusohje(Guide
for Grading the Bridge Sijementioned above. According to that publicatidmere are
four different bridge site classes as follows iblEad:10

Table 4:10 Bridge site classes and its meaning

Class Explanation
Class | Very demanding
Class Il Demanding
Class Il Remarkable
Class IV Ordinary

That means thatlass IVis the lowest one and does not require any spaewthetical attention,
where no additional cost is allocated to bridgderging to this claséTable 3.2.

4.4 .4 Recommended considered evaluation items

The numerical values: recommended here are dependant on the bridgeclagses. For a
computer program to be developed, the user is supposed to evaluate these items according
to the proposed scale. Depend on particular céisesser is supposed to change these values
to more suitable values or some times neglect dradler things, if needed. The recommended

consider items are presented in Table 4:11 aswollo
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Table 4:11 List of the evaluation considered items and itghiefactors in each bridge site class

/&3 55 )

4.5.1 The case background

As a practical application of how we handle aesteetve can look at the current (2009) bridge
over theMotala Bayin the Middle of Sweden. In order to get a nice &eautiful bridge, a
bridge design competition was arranged. Seven taathral firms were invited to participate.
Nine different proposals were sent in to the Swediational Road Administration.

The proposals on, how to design the bridge, shoalttain a lot of documents describing the
bridge from a lot of different aspects as:

The Motala Bay Bridges located in a small town callédotala. The town was founded in 1822
and has 30 000 inhabitants. It is situated in tlestern part oDstergétlandoy the Gota Canal
outlet into Sweden’s second largest lakeake Vattern right betweenStockholm and
Gothenburg The bridge - still in design phase in early 20@%osses th&lotala Bayand will be
about 600 meters long. The map of the buildingisighown in Figure 4:4
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Figure 4:4 Map of the Motala Bay Bridge area.

4.5.2 The considered design proposals
Three design proposals are considered here.

Proposal Nr. lis a continuous steel-concrete composite box gibdielge with inclined struts
supporting the side cantilevers and inclined V-ghkggs made from steel around the main span
that is 156 meters long. The side spans are 72la8dneters on one side and 123, 72 and 42
meters on the other, altogether six spans. Theaflepans is 588 meters and the total length 610
meters (Figure4:5 and Figure 4:6).

On both sides of the bridge there is a pedestmahcgcling lane slightly below the road level.
The cross-section is symmetric with respect to t¢eater line of the bridge and constant
throughout the bridge. The steel box part of theesstructure is supported by the sub-structure.
Longitudinally the bridge is symmetric with respégtthe waterway, but outside that area it is
not. Due to the modest structural depth, 4 methes,height of the bridge remains relatively
small reducing the maximum slope to & Vertical clearance under the bridge is 22,5 nseter
on a length of 40 meters. Embankments are notetdbpn 1:2. Indirect lighting and spotlights
on the inclined legs will be provided. The traffiensity on the bridge will be about 6300
vehicles per day.
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Figure 4:5 Side view of the bridge according to Proposal Nr. 1

Figure 4:6 Perspective view of the bridge according to Propd&a 1
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Figure 4:7 Side view of the bridge according to Proposal Alr.
Proposal Nr. 2is a continuous steel-concrete composite box giodelge with a long arch span,
191 meters, in the middle. The bridge consists in€ rspans: 40+3x48+191+3x48+40 = 559
meters. The arch is made from steel. The widthhef liridge is 23 meters. The height of the
bridge is 25,5 meters and vertical clearance inntiaén span is 22,5 meters on a length of 40
meters. The arch is curved in horizontal plane @ssthe girder, too. There is a pedestrian and
cycling lane on one side of the deck (Figure 4:@d 48 and 4:9). The traffic density on the
bridge will be about 6300 vehicles per day. Theigtetife length of the bridge is planned to be
120 years.
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Figure 4.8  Perspective view of the bridge according to Propdéa2.

.
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Figure 4.9  Perspective view of the bridge according to Propd&a?2.
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Figure 410 Perspective view of the approaching span accorttingroposal Nr. 2.

Proposal Nr. 3is a continuous prestressed concrete box girdeigérivhose 6 out of 13 spans
are supported by cables. So the bridge actuallyaesmbined box girder and cable-stayed bridge.
Its spans are 36+2x54+60+4x72+60+3x54+42 = 756 nqeféhe total width of the deck is 24,7
meters. In the cable-supported spans there areafalim the other spans 5 boxes side by side. The
deck is unsymmetrical with respect to the centee lbf the bridge and to the cable planes that
are located in the middle of the bridge. There gedestrian and bicycle lane only on one side
of the bridge. The five pylons supporting the staples form a monolithic structure with the
superstructure without any joints. At the other rpiehowever, and at the abutments the
superstructure is supported by bearings. The dddgaytength of the bridge is planned to be 120
years. Photomontage views of the bridge are shaviaigure 4:11, 4:12, and 4:13.
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Figure 4:11 Side view of the bridge according to Proposal Nr. 3

Figure 412 Perspective view of the bridge according to Propdéa 3.
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Figure 413 Perspective view of the approaching span accortiingroposal Nr. 3

The following figure presents the three design psats including superstructure and the whole
bridge cross section for each alternative.

Figure 4:14 Conclusion of the given data in the three proposals
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4.5.3 The evaluation process

The testing procedure was carried out so that eaithe four evaluators studied the documents
available and then individually tried to evaluatestf the bridge site and then the proposals
themselves. Finally the outcome was compared ssulisised.

The bridge site classification

Evaluation of a bridge site should be based on naapsdocuments available and on site visits.
Four different items were evaluated and the coomedmg bridge classes were determined
corresponding to each item. Consequently the tmalge site class could be determined. The
process is described in Table 4:12.

Table 4:12 The process used in the evaluation of the Motala Bridge class

Evaluated item Class Arguments

S

The bridge site is located between two inhabite
islands. There is settlement on both shores and due
to that the daily traffic is considerable.
Furthermore, the road leading to the ferry is pagt
the archipelago ring road that is kept open for
tourists in summer time. The bridge will replace)
present ferry.

Location of the bridge site Il

Bjorké andMossalavillages with there storehous
on shore are considered as a valuable landscape
Value of the landscape | even on countrywide level. The bridge site is pgrt
of this valuable cultural landscape.

—h

Important environment considering the history ¢
the area. In the vicinity there is théls-Kills croft

Culural value of the Il that is protected by the support of the building

bridge site protection law.
The bridge is part of valuable landscape. The
Aesthetical demands o} " bridge may not be a too dominating element bug
the bridge shall be suited to the nearby surrounding.

Overall evaluation of the

bridge site class -1 Especially demanding or demanding bridge site

After a short discussion, however, it was not diffi for the evaluators unanimously to agree that
the bridge site class in this caseCkss Il (“Demanding). That fixed the weights accordingly
(Table 4:11).

Evaluation of the bridge proposals themselves

The most difficult part is to define the considenéeins and the weight factors for the
different items in each of the three cases, foldw@onsequently, value 0,30 for thealing
factor awas accepted. The item list was agreed to be teepasposed in this report Table4:11.
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Consequently, according Table 4.11Class I

n 20
Wmax: Wclasa:12+6+6+4+ .......... +6:10c

i=1 i=1
Thus,Consequently:

n 20
Wi max Pi max = 2 Wisass1 = 27 100 = 200

i=1 i=1
The complete results of the evaluation are predenta compact mathematical form below. The
Aesthetics coefficienhksis of main concern. In this particular case (bridge class II)

n 20
Wi pi Wi (classi) pi 20

kags = - ai:l— = - 030':1— =-.0015 Wi classty i
o 200 -
Wi max Qi max

i=1

According toTable 3.12 Class Ito cover all evaluation cases, a matrix presesmasi used. Thus,
weight vectof wi} is:

[Wes]=[8 4 4 3 2 2 4445332323233/

Where kaeg is the final Aesthetics coefficient vector dimension,1(x§ is theevaluation result
matrix, dimensions 5x20, which in this case has the value
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In the case dProposal Nr. 1the evaluation result matrixpif takes the form

[p] =

P PNNPOONPPRPPRERPNOPRPNDNDNDNDLERLEPR
P NONRPRRERERPNONNRRONIERRLRR
NP RPNNNMNRPRRRPRRPRRPRPRERNRPRONLEREIERDO
NP NRPRPRPRNMNNRPORREPNRRENNDDN
NP P NRPRRPNRPRRPRRPRPRPRRPRERNONNLERLSPR

1
-

-2 -1

o
1
=

In the matrix, the first column represents the ohich the first evaluator gave to the twenty
different items. The points are listed in the sarder as in Table 4:11, or in the list just ab&ep
Similarly, the second column consists of the pogiNen by the second evaluator, and so on until
the fourth column, which is related to the fourtlal@ator. The values in the fifth column are
simply the roundup average values of the four peviones on the same row.

When the operation shown by equations is carriedising the numerical values presented in
above the final results will be as follow.

{ke}={- .108 - .104 - .102 - .134 - .114}
The same foProposal Nr. 2the finalaesthetics coefficient vectPkaeg takes the form:

{kie} ={- 118 -.121 - .122 - .142 - .128}
Similarly for Proposal Nr. 3final Aesthetics coefficient vectPkaeg takes the form:

{kee}={- .084 - .064 -.041 -.091 - .074}

The test carried out shows that the evaluation atetdeveloped is easy to use and
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mathematically simple. The judgments of the foualeators were in most cases surprisingly
similar. Although some differences appeared in sdetils, they were greatly balanced out in
the final result. The smallest differences areh@a tases oProposal Nr. landProposal Nr. 2
where theAesthetics coefficientaks varies between -0,102 and -0,134, and -0,118 ayidt20
respectively. In the case &roposal Nr. 3the variation is bigger, from -0,041 to -0,091, but
even in this case every evaluator comes to thelesioa that the aesthetical and cultural values
of the proposal are positive. Based on these me$uttposal Nr. 2 seems to be slightly
superior to Proposal Nr. 2and Proposal Nr. 3.And it occupies the last position in this
evaluation.

Better than to compare the judgments of individnelluators might be to compare the average
values. According t&gs.,the variation between the different proposals tsegwmely small, from
-0,114 to -0,128 in the average values. Maybe Yieeage value give more objective result, when
there are several evaluators, as it was the caieeitest evaluation carried out. The final order
between the three proposals, however, is stilstrae Proposal Nr. 2s slightly superior to
Proposal Nr.2 andProposal Nr. 3occupies the last position

46 5 5 )

As a culmination of progress in this chapter asdiriique aesthetics evaluation system, a simple
computer program is developed. The program is caingaall of the things which is explained

and mentioned in above in a very simple systenvadéig. The program can as easily be used by
an individual as by a jury or group of evaluatdrise front page shape is as shown in Figure 4:15.
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Figure 4:15shape of the developed computer program

4.6.1 Introduction

Practical use of the program is simple, only 4 stép get the bridge proposal equivalent
aesthetical and cultural coefficielhes 0, the user is only have to chose the alternatven fa
build up list of choices, he don't have to entey ather values, or perhaps he may have to, if he
decided to change the weight factors of the cons@l#gems to suit down his case of study.
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4.6.2 Working steps description

The first Step is to agree about the valuedtaling factor alt also needs to be determined in
advance, because it has a decisive influence onetle¢ of appreciation of aesthetical values
compared to costs. The value 0,30 is recommendddssounds reasonable, because in extreme
cases it restricts the effect of aesthetics up3@ %, but of course also any other value between
is possible. Even this value should be determinethé bridge owner. In Finland the are usually
usinga=0,30 as its mentioned ifable 3.12

The second step is to evaluate the bridge site digrghining which class the bridge site is
belongs to. However, four items have to be evatuatereach this target and so the average
value of these four items will be the class oflbhielge site.

The third step is to agree about the items thdthwilevaluated and to determine weight of each
item. This should be done before the evaluationcgss begins. The weights should be
considered asfiked value% and may not be changed during the evaluation ggecOne is
totally free to choose any items and their numbdyyi no means restricted.

Too detailed item may cause difficulties to theleasor. In this program, almost a standard list
of items and there weights is included, which Jaabver the general bridge aesthetics demands,
it can easily be altered to meet the requiremehthe project in question, whether by giving
“zero weight to those items that are left outside consideratis/and by adding new item by
changing the last cell name fowthersto the new name, and give it the suitable weighbtdr in
each bridge site class.

The forth and final step includes the evaluaticelft i.e., the determining opoints p for each
considered item, however, a fixed scale is detegthinith pmax= - pmin = 2, With steps equal to 1
here one has to decide between five different wlue -2, -1, 0, 1 and 2, according to his point
of view. It can be done by choosing the value farbyuildup list beside each considered item.

In case of individual user, he can chose the pgnéssily form each list according to his view
point, simply if there is a jury or group of evaloes they can use this program by entering the
average evaluation value for each consider item.

When the evaluator has decided moints p, it is a simple mathematical task to calculate the
final values ofAesthetics coefficientaksand all of these equations are built up in thasgpam.

4.6.3 Example

Let us take a simple example, which may illusttageprocedure better, Let us consider the case
of average evaluation in the previous example foppsal number 1, by keeping the same value
of a=0,30 and the bridge site is belongdlass Il The average evaluation from the matvihich

is column number 5, which is as following:
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fPi}=401 2 2111111121112 112 -1

Figure 4:16 Practical example in the developed program
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Figure 4:16 describes the usage and the applicafitime model. By entering this valuespdints
pi in the program, consequently the valuedekthetics coefficientaks= -0.114 which is the same

value that on equation number (11) column number 5.

According to the proposed list of items and its giifactors and the recommended value of
a=0.30, the extreme values of thesthetics coefficientakswill be as followed in table 4:13.

Table 4:13 The extreme values of the Aesthetics coefficiggslaccording to table 3.12 data

_ Class | Class Il Class Ill Class IV
Excellent Design Kesmax -0.30 -0.204 -0.096 0
Bad Design Kesmin 0.30 0.204 0.096 0

4.6.4 Practical use of the program

The program is concluding a unique system that lesato incorporate aesthetical values to
bridge design or construction projects and to m#ieam comparable with construction and
lifecycle costs. The method can be used benefydialthe following cases:

o Evaluation of aesthetical values with respect witfitial construction costs.

o Comparison of different bridge design proposaldinitn project or in
engineering skills - including bridge design - catifons.

o Comparison of different routes where bridges amlired during the feasibility
study stage or construction phase.

o Rewarding - or punishing - of those involved when aesthetically better - or
worse - result is achieved than expected.

The method can as easily be used by an individudlyaa jury or group of evaluators. Due to its
simple mathematical formulation it can also be lgdacorporated in a LCC computer program
to become part of it.
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5. BRIDGE ENVIRONMENTAL IMPACT

3&%

Environmental indicators demonstrate significantpacts of current concrete infrastructure
systems. Construction, maintenance and demolitidmidges demand materials and energy inputs,
which in turn lead to environmental impacts. Nevradstructure and maintenance of existing
infrastructure has led to a global output of carion-related concrete that exceeds 12 billiorston
per year (van Oss and Padovani 2002b). This en@molume represents huge flows of material
between natural and human systems, which is expeteincrease significantly as world
population urbanizes (UNFPA 2001). Cement product@ccounts for 5% of all global
anthropogenic carbon dioxide (COZ2) emissiditendricks et al. 1998, Worrell 2001) and
significant levels of SO2, NOx, particulate matiad other airborne pollutants (WBCSD 2002, US
EPA 1999, US EPA 2000).

3&*# +

5.2.1 Project development stages and considerations

Modeling the complete life cycle of a bridge systemomplex and data intensive. When we talk
about the bridge environmental impact we have tarpmind to consider all bridge life cycle
stages, as shown in Figure 5:1, considering thatiapd the output as well. The main parameters
that should be considered during the assessinggsare as follow.

Figure 5:1 Bridge LCA path
Material resource consumption (The Usage of unweabé materials)
Air and water pollutant emissions
Solid waste generation
Energy use
Fuel consumption

Emissions from the traffic
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5.2.2 Toxics Classification

There are thousands of chemicals affecting humaaittheand the environment, hundreds of
different known mechanisms and many other unknomineampletely known mechanisms. While
toxicologists would not normally combine compounmdess common models of action have been
demonstrated, LCA add all toxics into one overatire even if modes of actions are known to be
different.

Each of all the various environmental stressorsutiinout the life cycle, relative to the functional
unit, are summarized and then classified into impategories, according to which environmental
impact(s) the stressors contribute to. Establishgzhct assessment methods cover various impact
categories, like for instance global warming, dadition, toxicity etc. This method includes
characterization factors for 10 impact categorgesteown in Figure 5:2; Abiotic depletion potential
(ADP), acidification potential (AP), eutrophicatipotential (EP) global warming potential (GWP),
ozone layer depletion potential (ODP), human taxigiotential (HTP), fresh water ecotoxicity
potential (FAETP), marine aquatic ecotoxicity pdign(MAETP), terrestrial ecotoxicity potential
(TETP) and photochemical ozone creation potenR&EP). However, the 4 toxicity categories
are, for the time being, omitted BridgeLCA due to high uncertainties in the calculation gipfes

of these.

[Environmental Impact LC}\

Used materials durin
the whole bridge life cycl

ADP
GWE
ODF
HTP
FAETF
MATEP
TETFE
PCOF
AP
EF

INN NN

Figure 5:2 Bridge emissions categories

5.2.3 Toxics categories weighting impacts

The best way is to calculate the environmental thpaer category using characterization
indicators. These indicators are based on the pbgisemical mechanisms of how different
substances contribute to the different impact aateg. E.g. Global-warming potential is one of the
environmental categories and CO2 is the equivdterthis category. Methane that is a green house
gas which contributes 23 times as much to globainirag than CO2, is multiplied with a factor of
23, and added to the category as CO2-equivalents.
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The following graphs (Figure 5:3) present normalized weighted results. Normalization is done
by dividing the impacts per category by the avemmgéssions (relevant for the respective category)
per person per year, in Western Europe in 1998hEyrthe normalized results are multiplied by

weighting factors, which is a measure of the categbrelative importance. The weighting factors

used here are taken from the BEES software, andetegmined by the Environmental Protection

Agency (USA).

Figure 5:3 Environmental Protection Agency (USA) emissiongigig factors

5.2.4 Life cycle assessment (LCA)

Life cycle assessment is an analytical techniquevaluating the full environmental burdens and
impacts associated with a product system (ISO 19Rif¢ cycle assessment is a global tool,
calculating burdens throughout the life cycle @iraduct, material or service. Its strength is that
guantifies all possible environmental burdenspgmkness is low spatial and temporal resolution.

3&-

There are only few scientific publications avai@ldn the topic of environmental effects of
bridges; the relevant articles are briefly preseimethis section.

Comparison of different bridge deck component altatives

Keoleian and Kendall, compare two types of deckesys; a steel-reinforced concrete deck with
conventional steel expansion joints and a steafosied concrete deck with a link slab design
using a concrete alternative (Figure 5:4); engie@@ementations composites (ECC). ECC is fiber
reinforced and has a strain capacity 500-600 timgker than normal concrete. It also prevents
nearly all corrosion of girders by reducing leakafjeorrosive elements usually occurring through
worn expansion joints. Corrosion of steel girdersme of the main causes for replacement of deck
and superstructure. The study includes materiatyartion, construction, use and end-of-life
management related to bridge the decks. Initiadeariconstruction is similar for both studies and
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therefore omitted. Three reconstruction options esasidered; bridge deck replacement, deck
resurfacing and repair and maintenance (mainln@»of cracks and potholes). Traffic disruption
during these activities is alsacluded. Various air and water pollutants are aered5. The ECC
link slab deck is assumed a lifetime twice thetiife of the deck with conventional joints.
Conclusions made in the analysis are that the E&K gields significantly lower environmental
impacts, for all pollutants, mainly because of lesed for maintenance. For both deck systems, the
construction and repair related traffic turn oubtsignificant for the environmental performance.
It is also concluded that prediction of maintenaand repair schedules for each system is critical
in evaluating the performance of alternative matsri

Figure 5:4 Keoleian and Kendall comparison case study
5 .+ ) 5 )

Collings presents two studies where three bridgegyand three bridge designs are compared,
respectively. The bridge types compared are a etearantilever bridge, a concrete cable stay
bridge and a steel arch bridge. Relative costsCD#8 emissions for the material consumptions and
the use phase of the bridges are considered. Theamaclusions are that both costs and emissions
are highest for the steel arch bridge, actuallgénas high as for the concrete cantilever bridge th
gives the lowest costs and emissions. Paint, watefipg and plastics have relatively high values
per ton of embodied energy and CO2 emissions.

The bridge designs compared are a profiled girdelgb, a tied arch bridge and a cable-stayed
bridge, designed for a longest span of 120 m, asmh@ler spans (66 m in total) at each end. Three
material choices for each design alternative asess®d. The embodied energy and CO2 emissions
from the construction phase and the CO2 emissiommgl the lifetime of the bridge are given,
assuming a lifetime of 120 years. Maintenance #igls/ included are repainting, bearing
replacement, re-surfacing and re-waterproofing.ffitradisruption due to maintenance is also
included. The main conclusions from this study @@ concrete bridges have lower embodied
energy and CO2 emissions. More architectural desiige leaning or distortion of elements have
larger environmental impact, as they require momrenals and more complex construction.
Emissions during the use phase are approximatelgdme for the three material alternatives. The
maintenance activity causing most of the emissianthe use phase is resurfacing of the bridge.
The traffic disruption due to repair and maintereaare a highly uncertain parameter, as it depends
on amount of traffic, proportion of lorries and ergion distance.
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BridgeLCA is computer program developed in the EB&ge 2 by Johanne Hammervold, based
on the use of three case bridges; one steel bradgeconcrete bridge and one wooden bridge. The
bridges are already built bridges in Norway, anel thus not planned for the same location. They
differ in size and are not directly comparable. Té¢wncrete bridge, Hillersvika, has longer
construction length and width, and thus requiresrtfost materials. The steel bridge, Klenevagen,
is the shortest bridge. An overview of the bridged key parameters are given in following Table:

Table 5:1 BridgeLCA case study parameters

5.4.1 Total weighted results

Total weighted results, given in Figure 5:5, shbattKlenevagen (steel box girder bridge) causes
the highest impacts, closely followed by Hillersvikconcrete girder bridge). Fretheim (wooden
arch bridge) causes roughly half the impacts asédtégen. The most important categories in total
weighted results are Global Warming Potential (G\&iRJ Abiotic Depletion Potential (ADP) for
all three bridges. Acidification Potential (AP)dkso a relatively important category, while Ozone
Depletion Potential (ODP) is negligible in thessulés.

Figure 5:5 Case study total weighted result
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5.4.2 Result per bridge and category

The impacts caused by material and energy consangptelated to various bridge as totals per
bridge and impact category as given in Table 5l@beln the category Abiotic Depletion Potential
bridge equipment and the use phase (OR&M) alsaiboée substantial shares of the impacts. This
is mainly caused by the surfacing of the bridgde driginal surfacing is part of the bridge
equipment, and re-asphalting is performed ealhyg@r throughout the lifetime. Asphalt, asphalt
membrane and mastic are all bitumen products, weaecisume raw oil in production which again
causes the impacts to the ADP category.

For all three bridges, the construction phase saasemall share of the impacts to all categories.
The construction phase includes use of formwork launtting machines and transport of workers
and materials. The results show that these faatersf less importance in this analysis.

Table 5:2 Total results per bridge and category

5.4.3 Impact per m? surface area of the bridge

Table 5:3 show the impact for each category peofthe bridge surface area. It is important to
keep in mind that a comparison per m2 will neithi@e directly comparable results. The material
and energy consumptions, and also transport seraice operation, repair and maintenance
activities will not vary linearly relative to briéggsize. One example is the abutments; the size of
these will not change if bridge length is chandmd,it will change if the width of the bridge is
changed. The main load-bearing systems and theguroption of materials will differ with bridge
length and width, but only to a certain degree, @gfthitely not linearly.

Table 5:3 Impacts for each category, peesurface area of bridge

Finally, theRelativeEnvironmentall mpact cosCrg of a bridge, is then obtained by equation:

Cre = kaC ac

0 kg Is the environmental impact coefficief®ange from 0,0 To +0,20

Could complement information to be used in the dpfiut is not presented here. For more
information see ETSI Stage 2.
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6. SUMMARY
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This master thesis was devoted as a research sititip ETSI project, which is a Scandinavian
contributed project. ETSI project is contributedvien three Nordic countries, Sweden, Norway,
and Finland. The main task of the ETSI projectoisiévelop a Nordic unified methodology and
computer program for bridge LCC calculations.

The idea behind this study is that, bridges invesiintlecisions should consider all of the costs and
considerations incurred during the period over White alternatives are being compared. Bridges
are required to provide service for many years. diiéty of a bridge to provide service over time
is predicated on its being maintained approprialsiythe agency. Thus the investment decision
should consider not only the initial activity thaeates a public good, but also all future acesiti
that will be required to keep that investment ala# to the public. It is important to note that th
lowest agency cost option may not necessarily jgemented when other considerations such as
aesthetical and cultural value, user cost, andenwiental concerns are taken into account.

This research study demonstrates a unique methggalod present a new systematic way for
analysis, evaluation, and optimization of the beidife cycle indicators like agency cost, user cost
aesthetical and cultural value, and the environalemtpact. Present a unique flexible system
integrating all of bridge life cycle issues and makem measurable and comparable like the bridge
initial cost.

Based on this unique evaluation system, two compguitegrams were developed to facilitate the
usage, one for calculating the bridge user costoaedo evaluate the bridge aesthetical and
cultural value. The application of this integrateddel to bridge design highlighted a critical
importance of using the life cycle modeling in arteenhance the sustainability of bridges
infrastructure systems.

9&*

The application of this integrated model to bridigsign highlighted the critical importance of
using the life cycle modeling in order to enharee sustainability the bridges. Fields for future
research and development can be in the followisiges.

Sorting and gathering of agency historical dateeénl the LCCA process
Degradation models for all kinds of bridges andrtetuctural elements.

Tools for transforming degradation models into tigs for MR&R actions.
Methodologies for describing bridges both regardhar measures, structural parts
and their conditions.

Development of the proposed two computer models

O O0OO0Oo

o
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