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ABSTRACT
DEVELOPMENT OF FRAMEWORK FOR IMPLEMENTING SUSTAINARITY IN
BRIDGE PROJECTS WITH GREENHOUSE GAS (GHG) EMISSIONSLCULATION
GUIDELINES BASED ON LCA METHODOLOGY IMPLEMENTATIONS
By
Sanjog Kumar Gangwal

A bridge constitutes a large investment of capi@hterials, and energy and is associated with
significant social, economic, and environmental aets. Application of sustainable practices for
bridge design, construction, and maintenance calenan environmentally responsible and
effective use of resources for this large investmé&he focus of this study is to develop a
framework that will assist transportation enginesard managers in developing more sustainable
design and construction processes for new bridged, sustainable maintenance practices for
existing bridges. This framework consists of a gresting system, which is divided into three
categories, which are design, construction, anchteaance. The last two sections are further
divided into various criteria. For each criteridre tdescription, intent, and requirements have
been established. The requirements are establisdmeet on various industry standards such as
the Environmental Protection Agency (EPA), AmericAssociation of State Highway and
Transportation Officials (AASHTO), Federal Highwagministration (FHWA), LEED, and
current bridge engineering standards. The certifivalevels for the rating system are
established based on research panel discussiomi@ndew with MDOT experts to categorize
sustainable bridges. A bridge can be categorizeNan-Green, Certified, Green, Total Green,
and Evergreen, depending on the total score olatdiyethe bridge project. Lastly, guidelines
were developed to estimate GHG emissions in brplggects based on LCA methodology to

evaluate the framework.
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CHAPTER 1

INTRODUCTION

1.1Overview

Sustainable practices are a key component in alenasty aspect of our lives; green strategies
are now being incorporated in everything from fotal$uilding cars and building engineering

structures (Louis, 2010). The U.S. transportatigstesm involves a substantial investment on
behalf of the government and taxpayers, and wi@asbconcern is growing over the critical

state of infrastructure (Mistry, 2005). A bridgenstitutes a large investment of capital,
materials, and energy and is thus associated vgtfifisant environmental impact. In addition to

design and construction, bridge maintenance is mapoitant issue in the United States.
Sustainability is a long-term approach that canbEna&nvironmental protection and process
improvements (EPA, 2012). Thus application of dnsftsle practices for bridge design,

construction, and maintenance can enable an emwéotally responsible construction and

effective use of resources for this large investmen

Many Department of Transportation (DOT) bridge dasrs and constructors have explained
various environmental sustainable alternatives (A2B07, Hong et. al., 2006). The U.S.

department of transportation states: “DOT is cortedito become leader in sustainability. The
U.S. department of transportation incorporatingtainable practices in department’s mission
helps to promote energy and natural resource ceatsem, decrease Greenhouse Gas (GHG)

emissions, reduces pollution and contaminatiorasge, enhances the workplace by minimizing



hazardous materials and chemicals and strengthensational interest by encouraging energy

independence” (USDOT, 2011).

In recent years, DOTs have made a great effonnfmeément sustainable applications in bridge
design, construction, and maintenance in orderctoese their goals in an environmentally-
responsible and cost-effective manner. The Oregepalment of Transportation is a leader in
sustainability planning and initiatives and hasuatainability program focused on health and
safety, social responsibility, environmental stedgaip, land use and infrastructure, energy/fuel

use and climate change, material resource flowgeandomic health (ODOT, 2012).

Similarly, other DOTs like MDOT, Texas DOT, and NeYwork DOT, have taken step in

implementing sustainability practices in desigmstouction, and maintenance of highways and
bridges. These DOTs are implementing sustainalplictices either through the application of
sustainable materials or using green rating systei¥OT has recently expressed their interest
in developing a framework that can be used to caieg sustainable bridges, involving the
application of sustainable materials, standardséaima at reducing environmental pollution, and

other concepts that contribute towards sustairtgbili

Feedback in this study is taken from MDOT and ttaeniework is developed based on MDOT
requirements, therefore, this study mostly reltdebe bridges in Michigan. This framework can
assist MDOT in implementing sustainable approacimesridge projects. However, these

concepts can also be used as a guideline for dthesportation agencies by modifying the



framework or requirements of some of the critesadito meet their own local conditions and

needs.

Chapter 1, “Introduction” discusses importance wstginability, research goal and objectives
used to accomplish the goal. The research methgdolsed is also shown. Chapter 2,
“Literature Review” compiles all the current sustble practices followed in building
construction projects, bridge projects and othestags. Literature was reviewed related to
sustainable theoretical practices, existing greating systems in United States and LCA
applications to compute GHG emissions in constoacprojects. Chapter 3, “Framework for
Assessing Sustainability in Bridge Design, Congtamc and Maintenance” includes the
development of framework for to implement sustailigbin bridge projects. This includes
development of green rating system for the bridgaeantifying green rating system, determining
certification levels for the green rating systemcttegorize sustainable bridges. Chapter 4,
“GHG Emission Calculation Guidelines Based on LCAethbdology” to evaluate the
framework and support sustainable decision-makifgs includes the development of excel
based tool, which can be used to compute estim@td® emissions due to materials and
equipment that can be used in bridge projects. &h&p “Results and Conclusions” discuss the

summary of results and provides recommendationfufare work.

1.2Need Statement
The built environment has great impact on the @htemvironment, human health, and economy
(EPA, 2010). Incorporating green strategies has saelarge number of environmental,

economic, and social benefits. The EPA lists theeqtal benefits of green buildings, which



include enhancement and protection of biodiveraitg ecosystems, improving air and water
guality, reducing waste streams, conserving antbrieg natural resources, reducing operating
costs, minimizing strain on infrastructures andravwing overall quality of life (EPA, 2010).

Despite billions of dollars in federal, state, dodal funds directed toward the maintenance of
existing bridges, 69,223 bridges, i.e., 11.5% tdlthighway bridges in the U.S., are classified as
"structurally deficient," requiring significant nmdenance, rehabilitation, or replacement (Shoup
et. al., 2011). More than 13% (more than 1400) afhigjan bridges are considered structurally
deficient under the federal rating system and tieed significant repairs. Approximately 11,000

bridges in Michigan are about 41 years old and @gghing their 50-year life (Helms, 2011).

Since many of these bridges are approaching thaximmum service life, they need to be
replaced. All the activities, such as the constomcbf new bridges, repair, rehabilitation, and
replacement of the existing bridges are associatitll considerable environmental impact.
Therefore, sustainable applications that can re@megronmental impact need to be developed

and implemented.

Activities involved in construction have a signdit environmental footprint, especially in terms
of greenhouse gas (GHG) emissions and energy c@igum(Orabi et. al, 2012). The
Environmental Protection Agency (EPA) ranks thestarction industry third in generation of
GHG emissions with 6% of all industry related enaiss in the United States (EPA, 2009).
Transportation is a vital part of the economy Hdaba significant source of GHG emissions. It
involves large number of construction activitiedieh directly or indirectly release greenhouse

gases, water, and land pollutants. Several studies focused on measuring the environmental



impacts of construction activities and finding wagsminimize these impacts. There has been
recent need to adopt methodologies that aim atcregusuch impacts and contribute to
sustainability. Therefore, this study is necessaryeveloping a framework for bridges that can

be used as a guideline to achieve sustainability.

1.3Research Goal and Objectives

The overall research goal is to develop a frameywwhich can be used as a guideline to achieve

environmental sustainability in bridge projects ahble various transportation agencies and

organizations to be leading states for the gresigdeconstruction, and maintenance of bridges.

The goal was achieved by meeting the following ctiyes:

1. Summarize the current sustainable practices follbowebuilding projects, bridge projects
and other sectors.

2. Develop a framework that can be used to implemestagmability in bridges. This will
include the development of a green rating system fiodges and determination of
certification levels to categorize sustainable dpesl

3. Develop GHG emissions calculation guidelines faddpes based on LCA methodology to
determine the carbon footprint associated withotagiitems in bridge construction projects
that can enable transportation agencies that cansbd to evaluate the framework and
investigate various strategies to reduce GHG eomssithus supporting sustainable decision-
making.

1.3.10bjective 1

Summarize the current sustainable practices folibimebuilding projects, bridge projects

and other sectors.



To achieve this objective, a theoretical analys$igpornals, articles, research papers, and theses
was done. In this objective, literature is reviewethted to sustainable practices followed in
building construction and infrastructure. Variouge@n rating systems such as LEED V.3 by
USGBC, Envision Rating System by Institute of Sunsthle Infrastructure (I1SI), INVEST rating
system developed by FHWA etc. were reviewed. Sushde practices followed by various U.S.
transportation agencies were also studied in d&&pjlication of sustainable materials in bridge
design, construction, and maintenance and LCA epjpdins were studied and construction
standards described by EPA, AASHTO, and FHWA etgere reviewed to establish

requirements in the framework, which is describedetail in Chapter 3.

1.3.20bjective 2
Develop a framework that can be used to implemastagability in bridges. This will
include the development of a green rating system bitddges and determination of
certification levels to categorize sustainable dpeisl
Based on the detailed content analysis discusstei@bjective 1, the framework consisting of
a rating system was developed. The rating is ddvzidé&o three categories as follows: 1) Design,
2) Construction, and 3) Maintenance. The detailshef design category can be found in MS
thesis “Life Cycle Cost Analysis and Delphi Surviy Assist Sustainable Bridge Design,
Construction and Maintenance” developed by Awarl30which is based on MDOT research
project work titled as “Implementation of Sustaiitiép in Bridge Design, Construction and
Maintenance”. The description, intent, requiremeaisd standards have been established for
each criterion under Construction and Maintenarategory by consulting various references

such as the American Association of State Highway &ransportation Officials (AASHTO),



American Standard for Testing Materials (ASTM), Eammental Protection Agency (EPA),
Leadership in Energy and Environmental Design (LE¥I3) construction standards. In order to
qguantify the rating system, point values are agigo each criterion and weights are assigned to
all three categories. The weights are assigneddbasethe results of the Delphi survey
conducted at MDOT divisions, which were taken frémesis “Life Cycle Cost Analysis and
Delphi Survey to Assist Sustainable Bridge Desi@onstruction and Maintenance (Awan,
2012). The certification levels were developed Haseresearch panel discussion and interviews

with MDOT experts to categorize sustainable bridJée methodology is described in detail in

the relevant section.

1.3.30bjective 3
Develop GHG emissions calculation guidelines foddes based on LCA methodology to
determine the carbon footprint associated withowggiitems in bridge construction projects
that can enable transportation agencies that cansed to evaluate the framework and

investigate various strategies to reduce GHG eomssithus supporting sustainable

decision-making.

Transportation sector is the second biggest caritibof GHG emissions followed by the

industrial sector, which is the biggest contribudbGHG emissions. In 2002, it is estimated that
transportation sectors is responsible for 1908 M8, Eq., which is 29% of all the key sectors

(EPA, 2008). Figure 1.1 shows estimates of GHG sions from various sectors in United

States.
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Figure 1.1 Total 2002 GHG Emissions By Sector (MMT C( Eq.), Factoring in Purchased
Electricity (Source: EPA, Inventory of U.S. Greenlouse Gas Emissions and Sink (For
interpretation of the references to color in tmd all other figures, the reader is referred to

electronic version of this thesis)

The guidelines include developed of excel based toat can be used to compuGHG

emissions from materials and equipment that canseel in bridge construction projects. Gl

emission calculation can be used to evaluate #mdwork

1.4Research Methodology

A research methodologghown in Figure 1 has been developed that lists isteps in the
process to accomplish the goal. First, literatui@s weviewed related to current sustain:
practicesfollowed in building constructiorbridge constructiorand other sectc. Then it was
determined that which of those practices can aksused in the bridge construction proje:

Based on content analysis or the literature revaawpverall framework including a green rat



system for bridges is developed. Feedback on ttiegraystem is taken regularly by MDOT
until they suggest no further modifications. Aftéxe framework is approved by MDOT, the
rating system is quantified using the results ef Brelphi survey conducted at MDOT divisions.
At last, GHG emissions calculation guidelines wedexeloped to support the sustainability of

bridge projects.

Figure 1.2: Research Methodology



1.5Deliverables and Research Contribution

This research aims to provide a framework to omgions to implement green practices in
bridge design, construction, and maintenance. Wilide used to categorize sustainable bridges
and contribute to sustainable environment. Thesgputsl were provided in the following

chapters and the relevant appendix.

1.6 Summary

As discussed in Chapter 1, sustainable constructsora key component in sustainable
development. Any bridge project should be executedsuch a way that sustainability is
incorporated in every stage including design, aoicsibn, and maintenance. Sustainability is
about balancing what is beneficial to people, whdasidering what is economically sound and
environmentally compatible. Implementing sustairadgproaches may increase the project cost,
however it may be warranted when all external emstconsidered (NYSDOT, 2008). Climate
change, energy use, environmental impacts, andslitaifinancial resources for transportation
infrastructure are major global concerns. It reggiinew approaches to planning, designing,
constructing, operating, and maintaining transgiamasolutions and systems (AASHTO, 2009).
There are various practices followed at designstrantion, operation, and maintenance levels.
Many DOTs excel in certain and are concerned wWighdustainability triple bottom line as well
as the implications for mitigation and adaptatiorclimate change (AASHTO, 2009). The focus
of this research study is to develop a framewogk thill assist transportation engineers and
managers develop more environmentally sustainaddegd and construction processes for new
bridges, and sustainable maintenance practicesxfsting bridges. Figure 1.3 shows the steps in

the research study, which include the developmérd green rating system for the bridges,

10



quantifying the green rating system, developing GEGBission calculation guidelines, a

recommendations for the future wc

for Bridge Design, EEEESSSSSSSuutts

Construction and
Maintenance :

Figure 1.3: Steps in the Research Stui



CHAPTER 2

LITERATURE REVIEW

2.1 Literature Review Categories

In this chapter, lgrature is reviewed to form thi categories as shown in Figure 2.1. The
category reviews literature about current sustdenplactices in bridge design, construction
maintenance by consulting articles, theses, bgoksnals and magazines. The second cate
reviews literatue about major existing Green Rating Systems irtddinStates such as LEED \
(USGBC, 2009); Envisiof Rating System (ISI, 2012), GreenLITES Certification Syste
(NYSDOT, 2008) Sustainable SeHighway Evaluation Tool (FHWA, 2012. Other green
rating system for bridges developed by Lauren R. Hurg alao reviewe The third categor
focuses and summarizes the existing literaturete@ldo LCA applications. It includes tl

concept of LCA, its applications, use of LCA softeand estimating GHG ersions.

Current Sustainable Major Existing Green
Practices Rating Systems in U.S.

LCA Applications

Sustainable Highway

Figure 2.1: Categories of Literature Reviey
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2.2 Sustainability Overview
Sustainable development is defined as “developitieitmeets the needs of the present without

compromising the ability of future generations teantheir own need” (WCED, 1987). Since,

buildings in US contribute 39% of all carbon dioxi(CO) emissions and 40% of raw material

use, 72% of the total electricity consumption, (ERB09); sustainability is increasingly adopted
by the US building industry with the motivation teduce the environmental impacts. Several
tools have been developed to serve the buildingstrg for sustainable design and construction:
green building rating systems such as the U.S. rGRilding Council's (USGBC, 2009)
Leadership in Energy and Environmental Design (LEEDife cycle cost analysis (LCCA), and
life cycle assessment (LCA). These tools can atsapplied to bridge design, construction and
maintenance to make new and existing structure® movironment friendly in the long run, in

other words more sustainable.

In the United States, sustainability assessmenemsgs are mostly available for buildings and
there is lack of guiding and/or measuring sustalitglpractices for bridges (Whittemore, 2010).
United States Green Building Council (USGBC) is en4profit organization dedicated to
sustainable building design and construction. USGBQeadership in Energy and
Environmental Design (LEE®) is a rating system, used as a national standarthé design,
construction and operation of sustainable or gtaeldings. From 2005 to 2008, green building
construction increased dramatically from 2% to 20%overall construction (McGraw Hill
Construction, 2012). Although, LEEDrating system is only used for buildings but sameful

metrics are also applicable to bridge sustainglalisessment (Whittemore, 2010).

13



A sustainable bridge can be defined as the oneishaonceived, designed, constructed and
maintained, and eventually put out of service inhsa fashion that these activities demand as
little as possible from the natural, material andergy resources from the surrounding

community” (Whittemore, 2010).

Sustainability can be explained under 1) StructUsalstainability and 2) Environmental
Sustainability in the context of bridges. The stumual sustainability, in American Concrete
Institution (ACI) fall 2010 Convention, states "Argctural sustainable concrete bridge should
provide an overall life of 100 to 150 years"; “Th&lyould have minimum of shrinkage (plastic,
drying, chemical shrinkage) and cracking". For egkmnuse High Performance Concrete (HPC)
to minimize dry shrinkage use saturated lightweighggregates for internal curing for the
promotion of hydration to minimize shrinkage andaking. HPC should have other optimum
concrete characteristics such as low water/cenagiat, high flexural strength. “Long service life
of bridge decks over 100 years can be achieved Mithshrinkage, low permeability HPC,
compared to only 20 years for normal strength ceteadecks.” (ACI, 2010). Although structural
sustainability is important, the focus will be onveonmental sustainability of the bridges.
Environmental sustainability deals with the envir@ntal impacts of the products or the process
in all life cycle stages of the bridge, i.e. to ma@ the environmental impacts and performance
of the products or process over the design, coctginy use, maintenance and, disposal stages
(EPA, 2006). The following sections expand on theimnmental aspect of sustainability for

bridges.
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2.3 Current Sustainable Practices

A number of articles, theses, journals, books ardjanines were consulted to review current
sustainable approaches in bridge design, construeind maintenance. This section describes
methodologies and approaches used to assess abgipinThe current sustainable practices are
reviewed in three categories, which are a) SudtenBridge Design, b) Sustainable Bridge

Construction and, c) Sustainable Bridge Maintenance

2.3.1 Sustainable Design

Design of the bridges is an important phase whevst of the decision taken can have impacts
on later stages. Incorporating sustainability apph@s and methods in the design stage is
important for achieving sustainability. For exampite selection, material selection for design,

service life design, span arrangement, substrutyypes geometry, foundation types are some of
the factors that should be taken into consideratdiionng the design stage and alternative ways

are usually considered to achieve sustainability.

Lounis & Daigle (2007) compared the environmentahdfits of High Performance Concrete
Decks (HPC) and Normal Performance Concrete (NP@gé decks. It was found that
construction of HPC structures results in reduciiorthe number of maintenance and repair

actions that will result in a reduction in both er&ls and energy consumption as well as in a

reduction of CQemissions and waste production. A simplified lijele environmental analysis

of the two bridge decks was undertaken by focusmgwo impacts: a) emissions of g@nd b)

waste production (or landfill use). In terms of Bammental impact, it is estimated that the HPC

deck alternative yields a reduction of 65% in th®>Cemissions compared to the normal
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concrete deck. It was also found that based orotiset of corrosion as the end of service life
criterion, the HPC deck alternative incorporating\®& has a service life that can vary from 3 to
10 times the service life of normal concrete deelkimg the same water-to-cementitious

materials ratio (Lounis & Daigle, 2007).

High service life design requires the designer xpla@e outside the current codes, evaluate
environmental loading and establish material pemforce over a long period, requiring
extrapolation of current knowledge of climate anakenial properties as well as the extrapolation

of material deterioration models (Connal, 2009).

Sustainability objectives for bridges can also bstlaccomplished by ensuring durable bridges
with long service life and low maintenance inputatt on a whole-of-life basis, minimize
material consumption over the long term. It is Iyjkéhat such a bridge also has the lowest whole-

of-life economic cost (Connal, 2009).

There is need for concrete durability design. Reitéd concrete and pre-stressed concrete
bridges, which are exposed to aggressive envirotsnare affected by the corrosion of steel due
to ingression of chlorides and due to carbonatiinioride ingression has been formulated on the
assumption that it would occur by ionic diffusi@ased on it concrete mix, cementitious content
were determined and the additional materials sgdlyash and slag has been used to reduce the

heat of hydration and greenhouse gas emissionttha@nereasing the durability.

Another factor, which decreases the durability loé structure, is carbonation. The primary

concern is for superstructure elements. It deceetts®® PH value of concrete due to which the
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passive iron oxide layer, which protects reinforeamfrom corrosion, is not maintained.
Therefore it is important to reduce the effect afbonation, which can be reduced by using high
quality concrete and sufficient depth of cover.abhieve long life of a bridge, selection of good
quality of concrete; selection of greater coverdimforcement; provision of electrical continuity
for reinforcement in substructure element and; Goetiling to enable compaction of concrete,
along with good vibration and subsequent curingnduconstruction, to ensure a dense layer of

cover concrete are considered important factorsig@lp 2009).

Materials play an important role in sustainabilapd number of research studies has been
conducted to determine sustainable properties ofema#s. Steel bridges offer numerous
advantages contributing to sustainability. Offsgeoduction in fabrication plants results in
minimum waste. Use of automated production, usiopotic welders’ results in safe
environment. A single clear span for the bridgeoie of the best environmental solutions,
avoiding permanent piers in the river. Steel sycéable material and it can be recycled and
reused multiple numbers of times without affectitg structure or properties. It promotes
management of sustainable resources. It minimizeseffect on local community, as steel

components are manufactured offsite. Selectionesfl @nsures reduced energy consumption and

COy level emissions as shown in Table 2.1.

Table 2.1: Embodied Energy and CQ Levels for Steel (BCSA & Corus, 2009)

Steel Sections Steel Plate

Embodied CO, 0.762 tCO/t 0.919 tCO/t

Embodied Energy 0.762 tCO/t 0.919 tCO/t
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Use of weathering steel minimizes the need forr&utomaintenance and any associated road
closures (BCSA;Corus, 2009). Weathering steelshagh strength, low alloy steels that can
provide greater protection to corrosion. Since eopfs used as an alloy, it provides a
mechanism, which provides prevention from atmosphssrrosion. FHWA is emphasizing on
using weathering steel for bridge constructiontamproves the performance and research and
studies are underway of weathering steel bridgeopaance in macro and microenvironments.

(Kozy & Triandafilou, 2011).

TxDOT has built over 100 weathering steel bridgases1970. A research study was conducted
for TXDOT, which includes field visits where diffart samples where collected to examine the
presence of protective oxide film, section loss] aresence of chlorides, cause and control of
staining, and any other apparent corrosion anchaestperformance issues. And it was found
that uncoated weathering steel is a very good mahfer TxDOT bridges as it provides a good

protective oxide film forms, protecting the stergrh further corrosion (McDad et. al., 2000).

GRP decks have great significance in sustainabilftypridges. It is a composite steel hybrid
structure, which has requires minimal maintenamzkia much economical. In the longer term,
road users should benefit from reduced delay asdigliion, since the bridge will need minimal
maintenance. Fast installation with less disruptmiraffic, and reduced long-term maintenance
are two compelling reasons for the selection obmmosite bridge deck over concrete. GRP
offers several advantages over conventional bridgderials such as reinforced concrete,
including: higher strength to weight ratio; highgdee of pre-fabrication possible; faster

installation; and corrosion resistance (Jacob, 2008
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Transportation industry uses alternative mateiialthe construction of pavements as they are
currently using bulk materials such as natural famel aggregates. Materials including industrial
by-products, concrete aggregates, old asphalt pavenscrap tires, fly ash, steel slag, and
plastics are often used as alternate materialsdtural aggregates. These materials are best used
for their environmental suitability, recyclabilignd sustainability in concrete and road pavement
applications, as well as their environmental imgacsurface and ground waters. Many types of
products result in the creation of large quantitiesolid waste materials (SWMs). Many of these
SWNMs remain in the environment for long periodgiofe and cause waste disposal problems.
Existing landfills are reaching maximum capacitydanew regulations have made the
establishment of new landfills difficult. Disposadst continues to increase while the number of
accepted wastes at landfills continues to decrddse.of use of industrial by-products in the
construction of transportation networks can contelio sustainable development (Kassim et. al.

2008).

Currently, industrial by-products (such as fly asteel slag, plastics, and scrap tires) are used as
substitutes for natural aggregates in road consbrucVarious solid wastes that have been used
in several highway applications for sustainabildgnsiderations are bag-house fines, blast
furnace slag, carpet fiber dusts, coal bottom asletbslag, coal fly ash, contaminated soils, flue
gas desulfurization scrubber material, foundry s&rd dusts, mineral processing wastes,

municipal solid waste incinerator ash (Kassim et2@08).

Other practices that are considered to contribatsuistainable design are longer spans, high

strength, more durability-better long term perfonoe, and smaller cross-sectional area; use of
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high performance composites: fiber reinforced pdaysn (FRP), FRP wraps used for
rehabilitation projects; use of aluminum as lighaigiht bridge decks results in 80% lighter deck
than concrete and is more corrosion resistant,inegjdewer welds than steel thus reducing
potential failure points; use of high performanteel for example a new grade of steel: hps-
485w which results in increased toughness, supgradability and high corrosion resistance;

using hybrid designs results in 17% weight saviid8p cost savings (Gilbertson, 2008).

2.3.2 Sustainable Construction

There are two main processes during constructiagestwhich are responsible for energy
consumption and emissions. These are a) Transipor@td b) Operation. In a normal life cycle,
main transportation operations occur “to site’from site” and “on site”. For the evaluation of
energy releases during transportation, averagearutist travelled and fuel efficiency of the
vehicles which travels to and from the site aresatgred (Pacheo & Campos, 2010). Energy
consumption during construction operations is apartant factor that should be considered.
Energy consumption is found considering the weaftgéquipment, energy it consumes per hour
of operation and the duration of a constructioradiypical bridge deck (Pacheo & Campos,

2010).

Different road equipment such as trucks and othanickes are used during construction

operations to transport materials to and from siteich consumes fuel and release wastes to
atmosphere. Non-efficient fuel vehicles can inceehgel consumption and also releases GHG
emissions. Similarly, various non-road constructemuipment such as excavators, bulldozers,

compactors, pressure washers, cement and mortarsnigumps, trenchers, rollers and other
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construction equipment used during operation corsuimel and releases energy. Air emissions
from construction equipment contribute significgntb the degradation of the environment.
Therefore, it is imperative to use such type ofigopent, which produces lesser emissions than
conventional ones. “Non-road engines are all ireoombustion engines except motor vehicle
(highway) engines, stationary engines (or engihas tremain at one location for more than 12
months), engines used solely for competition, @irees used in aircraft. The non-road standards
cover mobile non-road diesel engines of all sizeeduin a wide range of construction,
agricultural and industrial equipment” (EPA, 20080, Non-road equipment is used in

construction and not on roads like cars, buses etc.

EPA recommends non-road construction equipmenh&vyé engines that meet the current U.S.
Environmental Protection Agency (EPA) Tier emissgiandards (Tier 3/Interim Tier 4 as of
April 2011) in effect for non-road engines of thpphcable engine power group and; “have
diesel retrofit devices for after-treatment polhuticontrol verified by EPA or the California Air
Resources Board (CARB) for use with non-road ergjiffHWA, 2012).Using alternative

fuels such as biofuels and material recycling Hazeen considered as green practices.

Reducing fuel use can be an effective step in i@duGHG emissions. Diesel contributes to

22.37 Ibs of CQ/gallon and Gasoline contributes to 19.54 Ibs. @ballon. Similarly Propane

and Natural Gas contributes to 12.66 Ibs.o@@llon and 11.7 Ibs. Cf1000 cu.ft. These show

that significant amount of Cfoemissions are associated with fuel use. LCA hielgketermining

the total emissions and could provide support uegtigating various strategies to reduce these

21



emissions. If ways are implemented to reduce feelly 3%, 2.02 MMT of C®emissions will

be reduced. Using biofuels for trucks and non-regdipment can reduce significant GHG

emissions (EPA, 2009).

Accelerated bridge construction technique is aovative approach greatly contributing towards
sustainability.Accelerated construction is used to achieve thestcoction of structures in a
shortest possible time while decreasing delays taaific disruption. It is not just building
structures rapidly but also entails a variety @ht@ques, processes, and technologies to achieve
the desired result of reducing congestion due tustraction while improving quality. These
techniques are used for the construction of newges and also the replacement of existing
bridges (Ralls, 2007). Using precast bent caps;astecolumns, precast deck panels, precast
barriers, prefabricated trusses, precast abutmemsining walls and footings allows
manufacturing to take place in a controlled envinent thereby reducing impacts to traffic and
reducing environmental impacts. The main reasomusang such techniques is to reduce on-site

construction time and mobility impact time (FHWA)12).

2.3.3 Sustainable Bridge Maintenance

Bridge maintenance is major part of a bridge lyele. There are number of activities involved
in bridge maintenance which may have significarpacts on environment. Bridge maintenance
usually includes short-term fixes, medium-term $ixand long-term fixes. Short-term fixes
include capital preventive maintenance (CPM). Iplegs lower-cost treatments to slow the
deterioration rate, maintain or improve the fungéb condition and extend the pavement's

service life. Medium term fixes includes rehabilta. Rehabilitation is the application of
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structural enhancements, such as multiple cous@afeing or concrete pavement repairs, that
improves the roadway or overlaying a bridge deak superstructure repair to improve a bridge.
Long-term fixes include reconstruction/replacem&dconstruction is the entire building of the

roadway. Replacement refers to replacement of titgd deck, super structure replacement or

replacement of whole bridge (MDOT, 2011).

Many attempts have been made to reduce number aftenance activities to reduce
environment impacts associated with them. Use o@lilla materials prolong service life of
bridge components and thus reduce future maintenaatvities. High performance structural
materials and FRP can be used to design bridgesntwe durability thus reducing future
maintenance activities (Tang, 2004). Efficient ision technologies should be used to properly
assess the condition of bridges timely so that @r@gtions can be taken regarding maintenance
actions. Use of efficient inspection technologiem ensures improved data quality while
simultaneously controlling the cost of data coll@tt Further development and evaluation of
improved visual inspection procedures, innovativendestructive testing methods, and

automated methods to gather and manage data dhweldcouraged (Hearn et. al., 2008).

FHWA categorizes bridges as structurally deficientfunctionally obsolete based on their
conditions and ratings. Bridge eligible for rehahtlon or replacement is determined by a rating
formula. This information is used by FHWA to deyelblational Bridge Inventory (NBI). In
order to estimate the future maintenance and reyeds, a bridge management system (BMS)
can be used. BMS provides comprehensive managewofeitridge system and provides

improvement in the type and quality of data is ectid, stored, managed and used in a bridge

23



system analysis; realistic and reliable forecadutire needs and; a logical methods for setting
priorities for current needs (WSDOT, 2010).

The focus should be more on quantitative assessofeperformance of bridge performance
rather than visual inspections and condition rating variety of permanent sensors can be
installed on bridges, which can automatically detbe data with the change in chemical and
electrical properties of materials related to detation, aging in coatings and changes in service
environment or exposure. Sensors can report tdegsenetworks and data can be analyzed and

deterioration can be detected automatically by agermpworkstations (Hearn et. al., 2008).

2.4 Existing Major Green Rating Systems

Since the focus of this study is to develop a gnegimg system for the bridges, which can be
used to define and measure sustainability in bedgearious major green rating systems
currently used in the United States shown in Fig2u2 were reviewed. These green rating
systems are developed mostly for buildings andwayls. Brief overviews of the existing green

rating systems are as follow.

2.4.1 LEED (2009)-New Construction

Leadership in Energy and Environmental Design (LEE@s a rating system for design,
construction and operation of sustainable buildingsvas developed by the USGBC in 1998.
This rating system was mainly developed to defind aneasure Green Buildings. So far,
USGBC has developed five versions i.e. versionir1.0998, version 2.0 in 2000, version2.1 in
2002, version 2.2 in 2005 and version 3.0 in 200% latest, LEES version 3.0 is currently

used for existing and new commercial, residenta mstitutional buildings. Since its inception
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in 1998, USGBC has grown to encompass more th&624frojects in the United States and 30
countries covering over 1.627 billion square feketi@velopment area which shows the impact

and wide recognition for LEEDin US and around the globe.

The rating system is divided into six main categ®rwith additional points awarded for
innovation. These categories are based on energguogtion, location, environmental
principles and material used. They are: Sustain&ites, Water Efficiency, Energy and
Atmosphere, Indoor Environmental Quality, Mateaald Resources, and Innovation in design.
These categories are further divided into varioeslits. Each credit has certain requirements,
listing strategies to fulfill those requirementdi€elrating system has a total of 100 base points
and four certification levels i.e., certified, ®ly gold and platinum. The Figure 2.3 shows the
categories and credits of LEE®009. It is important to mention here that thisttie most
updated version of LEED) credit weights are calculated based on a lifdecymalysis tool
(TRACI), and additional regional priority points eattaken into account. There are four
certification levels are developed in LEED ratiiygtem as shown in Table 2.2.

Table 2.2: LEED V.3 Certification Levels(USGBC, 2009)

Certification Level Score Range

Certified 40-49
Silver 50-59
Gold 60-79
Platinum 80 and above

Certain credits can be adopted from LEEPDO9 rating system to develop the rating system fo

bridges. The factors considered in analyzing tretasnability of buildings are materials, water,
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energy, location and indoor air quality while thiéical factors that apply to bridges are location,
materials, water and traffic impacts. Whittemor®1@) explained the equivalent goals for
sustainable bridges by comparing them with theasusble goals for buildings. His analysis
explained the useful metrics from LEEBD2009 that can be taken to define and measure

sustainability in bridges. So, some useful meiras be extracted to define sustainable bridges.

For instance, when crediting for water use andityddow the hydraulic openings will affect the
upstream and downstream floodplains and what systame in place, ensures that the
consumption of the potable water is the least &edranoff from the structure is of the highest
quality (Whittemore, 2010). Therefore, such requieats are to be established after reviewing
the standards, which ensures the optimum use adrveaud its quality. Likewise, certain other
credits and prerequisites from LEEDan also be adopted in the rating system for bedghese
are Construction activity pollution prevention,eSselection, Brownfield Redevelopment, Storm-
water Management-Quantity Control, Storm-water Mgmaent-Quality Control, Recycled

Content, Material Reuse, On-Site Renewable Endétggional Materials.

2.4.2Envision™ Rating System by Institute of Sustainable Infrastuctures

The institute for sustainable infrastructure (I8€veloped a new rating system to evaluate the
sustainable infrastructure projects. This ratingtesy evaluates the sustainability for wide range
of infrastructure including bridges. ISI was fortgadaunched in 2011 and introduced a rating
system that was developed by a working group fromeAcan Council of Engineering
Companies (ACEC), American Public Works Associat{&#WA) and American Society of

Civil Engineers (ASCE).
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Envision is an objective and comprehensive fram&wihiat describes criteria, which can
influence the project elements, and processes,hnwdaa significantly influence the outcome of
the infrastructure project and its impacts on tim¥irenment. Not only has it focused on
environmental, social and economic performance,tibeitoverall delivery of the infrastructure
project. This rating system promotes project mamayg and business strategy for sustainable
infrastructure solutions. Envision evaluates thestanability of a wide range of civil
infrastructure projects vital to our communities,pgrotecting the environment, and will award
and recognize projects that meet that goal. Theesyswill evaluate and score existing
infrastructure and serve as a goal for new andvagimg projects to achieve (ISI, 2012). The
Envision rating system is divided into 10 secti@re Project pathway contribution, Project
strategy and management, Communities: long andt sbon effects, Land use restoration,
Landscapes, Ecology and Biodiversity, Water resssii@nd environment, Energy and carbon,
Resource management including waste, Access andlitnolbhese are the ten criteria that
include 74 sub-criteria each of which is assignamntp values to rate the sustainable

infrastructure.

2.4.3 GreenLITES Project Design Certification Progam by NYSDOT

The New York State Department of Transportationdesloped a GreenLITE& €adership in
Transportation andEnvironmental Sustainability) certification program for implememg
sustainability in transportation projects. GreeriEH project design certification program
developed by NYSDOT in 2008 includes the developgneéa green rating system to define and

measure sustainability of highways. It shows tle@immitment in improving the quality of
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transportation infrastructures by minimizing enwimeental impacts and reducing depletion of

resources.

The rating system is based on five categories, hwide sustainable sites, water quality,
materials and resources, energy and atmospherenaadation. It has four certification levels
i.e. certified, silver, gold and evergreen. Thejgrbrating may fall into any of the category
based on the cumulative score obtained. The cumelatore is obtained by summing points of
each criterion. It was formed after the US Greernldiwg Council's LEED program and the
University of Washington's Greenroads program andseful in determining sustainability in
transportation infrastructure projects. Many of tiréeria are also directly applicable for the
bridges (NYSDOT, 2008).The program is also intended to be a model for rottepartment
sustainability initiatives, providing a benchmark follow for incorporating greater levels of

sustainability into the department's wo(RNYSDOT, 2008).

2.4.4 Sustainable Highway Self-Evaluation Tool

INVEST is a self-evaluation tool developed by FHWAa web-based collection of criteria,
allows states to integrate sustainability in tramsgtion projects. It is a voluntary tool and can b
used by state and various stakeholders to measatairsability of transportation projects. This

tool can be accessedHdtps://www.sustainablehighways.org/All Pilot Crige 11 1 2011.pdf

FHWA'’s INVEST can help transportation agencies amganizations integrate sustainability
practices in transportation projects and providaciitioners to evaluate sustainability in their

transportation projects as it provides informatéord techniques to integrate sustainability best
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practices. It is developed with input from state &cal transportation agency officials and staff
and professional organizations such as AASHTO a8G@EB. FHWA is continually updating this
tool as the transportation sustainability advandess divided into three main categories:
planning and process criteria, project developn@iieria and operations and maintenance
criteria. A total of 61 criteria are described untteese categories. This rating system can also be

used as a benchmark to develop a rating systenifispltg for the bridges (FHWA, 2012).

2.5 Current MDOT practices in Bridge Design, Constuction and Maintenance

Current MDOT applications related to bridge desigonstruction and maintenance were
reviewed. In addition, current MDOT practices rethtto sustainable applications have been
compiled. The construction of a bridge mainly irwed three stages i.e. design, construction and
maintenance. These stages are all related to d@hel design practices affect the construction
stage; and design and construction stages affecttenance over the lifetime of bridge. The
design stage of the bridge commences with the ts@heof materials, span arrangements, girder
spacing, bearing types, substructure type and gepnand foundation types. Design of deck
slab, interior and exterior girders, bearing, atkarita, piers and foundations are the main steps in
design. The bridge design should consider construcand long-term maintenance costs

(AASHTO 2003).

All these design parameters coupled with envirortalesonditions such as location and site lead
to various procurement and construction applicatiam the next stage. In the long run
maintenance processes to keep bridges operatindaade also are affected by all the decisions

made in the design and construction stages. Whesidring bridge maintenance, preservation
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techniques should also be considered. As, pres@mvieatments over time can reduce the
overall cost of bridge maintenance. All decisioredein the life cycle of a bridge, especially the
ones that are made early in the process, impacecuent stages. They all need to be critically
analyzed for environmental and economic effectsnduthe life cycle of a bridge. Therefore,
examining current MDOT practices is vital in thisdy to determine the key decisions made in
design, construction and maintenance of the bridgl¥0T current practices were established
by studying MDOT bridge design manual, MDOT soibgon and sedimentation control
manual, MDOT drainage manual, MDOT scoping manwabital preventive maintenance
manual, material source guide and MDOT P/PMS taakual. These manual and guides can be

accessed dtttp://www.michigan.gov/mdot/0,1607,7-151-9622 14081367---,00.html

2.5.1 MDOT Design Practices

The following design practices of MDOT were studiedletail:

a) General Information Site Condition: Temporary sup@ystems and construction methods,
clear zone considerations, concrete QA/QC.

b) Preliminary design calculations: Design specifmas, design methods, and design stress.

c) Design: In design practices bridge materials, spaangements; girder spacing, bearing

types, substructure type and geometry, and fouml&gpe were examined (MDOT, 2012).

2.5.2 MDOT Construction Practices
a) Erosion and Sedimentation Control: The primatgnt is to protect the waters of the state by
minimizing erosion and controlling sediment. MDOdoats a soil erosion and sedimentation

control program, consists of commitment to envirental stewardship responsibilities;
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appropriate staff training; specifications and pobjplans that address erosion control issues
(MDOQOT, 2006). The development of the program isdbd into three phases which planning,

design and construction phase.

b) Maintenance Activities and Projects

Since maintenance activities also have potentighicts on lakes, streams and wetlands, MDOT
also conduct soil erosion and sedimentation contr@asures in maintenance projects.
Appropriate  SESC measures and NPDES requirements bei included when planning,
designing, and completing maintenance projects atdities involving earth disturbances,

regardless of size and location. An earth change igl also prepared for the maintenance.

c) MDOT Storm-Water Management

MDOT has large transportation network and assatidtainage system, which accumulate large
amount of contaminants. These contaminants maydshed away by the rain, snow melts and
may enter streams, rivers and lakes. Excess coméamsi may cause public health concerns,
harm aquatic and animal life. MDOT developed amtevater management plan (SWMP) to

reduce or eliminate the storm water pollution. B\WWMP describes procedures and practices
used throughout the planning, design, constructioperation and maintenance of the

transportation infrastructure to limit the discheuaf pollutants (MDOT, 2012).

2.5.3 MDOT Bridge Maintenance Practices

MDOT uses mix of fixes strategy for the maintenaatbridges. This strategy uses combination

of long-term fixes, medium term fixes and shortnteffixes. Long-term fixes include
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reconstruction/replacement. Reconstruction is tht&¢esbuilding of the roadway. Replacement
refers to replacement of the bridge deck, supeicttre replacement or replacement of whole
bridge. Medium term fixes includes rehabilitatiétehabilitation is the application of structural
enhancements, such as multiple course resurfacicgrerete pavement repairs, that improves
the roadway or overlaying a bridge deck and supersire repair to improve a bridge. Short-
term fixes include capital preventive maintenanC®Nl). It applies lower-cost treatments to
slow the deterioration rate, maintain or improve tfunctional condition and extend the
pavement's service life. The mix of fixes strategused to improve the condition of the bridges

and increasing the service life of the bridges.

2.6 Life Cycle Assessment Applications

2.6.1 Background of LCA Applications

EPA defines LCA (also known as life cycle analysis) balance, and cradle-to-grave analysis)
as a cradle-to-grave approach for assessing syskatevaluates all stages of a product's life. It
provides a comprehensive view of the environmeasgects of the product or process. “The
term “life cycle” refers to the major activities the course of the product’s life-span from its

manufacture, use, and maintenance, to its fingodial, including the raw material acquisition

required to manufacture the product” (EPA, 2006).

In simple words, LCA is a methodology, which is dige analyze environmental impacts of
products through its all life cycle stages. An idda cycle would account for all the phases of
the product. This is called Cradle to Grave apgno&milarly, LCA has different stages, which
are Cradle to Gate, which includes raw materialiesition to production stage and Gate to Gate

stage, which includes only production stage. Thastten makers in the industry use LCA for
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planning environmental strategies, product deveklmmmarketing, product comparisons, eco-

labeling etc. (GaBi, 2012).

2.6.2 Bridge LCA

The life cycle of the bridges play an importanterah determining the sustainability of the
system. Life cycles can be evaluated in terms girenmental or economic impacts. Assessing
the life cycle can help us become more aware dfagable solutions for bridges. Life-cycle
models, weather through assessments, inventorieogir analysis, are complex and rely on
consistent and available historical informationsimple words, LCA is a method to assess the
environmental performance of the product or a geawver its life cycle. The use of a product
throughout its life cycle may have many negativeaets on the environment. Some of the

terms, which are measured to assess the enviroameetformance of the product (Trusty,

2006) are Toxic releases to air, water and landgsiFduel depletion,CO, emissions, Non-

renewable energy use, Global warming potential, dfication and Acid Deposition,

Nutriphication/Eutrophication of water bodies, &tspheric ozone depletion.

GHG emissions are one of the major contributothi¢onegative impacts to the environment and,
the main focus of this study developing guidelifesdetermining GHG emissions or the carbon
footprint of the bridges. Guidelines for calculati@f GHG emissions are based on LCA
methodology. It is well known that bridge constraotproject involves large number of products
and processes. Cement is the most common matesgal un large quantity in construction.
Cement is highly energy intensive material (Woregllal., 2001). It consumes as well as release

high amount of energy into the surroundings duraliglife cycle stages like raw material
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extraction, transportation to manufacturing fagilinanufacturing, packaging, transportation to

site, use, maintenance and disposal. Cement piodustenergy intensive and accounts for 5%

of global anthropogeni€O, emissions (Worrell et. al., 2001) and significagwdls of SG,

NOy, particulate matter and other pollutants. Simyladifferent products and products release

significant amount of GHG emissions during thefe Icycle. Therefore, it is imperative to
calculate the GHG emissions of these products amtepses using LCA approach and
investigate strategies to reduce these emissi@msce GHG emissions can be calculated based
on LCA methodology therefore it is important to imv the LCA concepts and applications. A
number of LCA studies had been made and extengemtlre is published recently. Singh,
Berghorn, Joshi and Syal (2011) had made a systeowhpilation of all the Construction-LCA
related literature and presented its structuretevevlihese research work reviews the literature
in four major categories: LCA applications for ctrastion products selection; LCA applications
for construction systems/process evaluation; LCélst@nd databases related to the construction
industry; and LCA methodological developments edato the construction industry. Current
challenges for using LCA in construction are disewsand potential areas for future research are
highlighted (Syal et. al., 2011). This study giwegood idea of the LCA methodologies and

databases for LCA.

An integrated LCA-LCCA model was developed and egapbn highway overpass bridge deck,
and two alternative bridge deck designs were coethafrhe model is applied to alternative
concrete bridge deck design options: one convesitisteel reinforced concrete bridge deck with
mechanical steel expansion joints and the otheSRE deck with Engineered Cementetious

composite (ECC) link slabs. Factors or indicatonpartant in evaluating the sustainability such
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as life cycle energy, greenhouse gas emissiong)cggeehabilitation, social, construction-

related user delay costs and environmental polluteamage costs are quantified for both
systems over a 60 year bridge design life. Thegnated model consists of two integrated
elements; life cycle inventory analysis and lifeleycost model of agency and social costs. They
are further integrated into the factors that charaze the infrastructure system. These indicators
are evaluated for total 60-year service life wittradfic flow rate of 35,000 cars per day in each
direction. Study shows that ECC link slab systens l@a 37% cost advantage over the

conventional system, consumes 40% less total pyimaergy (Kendall et. al., 2008).

LCA approaches can be used to analyze the impdatsgairements of credits in the rating
system. In research study conducted, individuaitsevithin the LEED program were critically
analyzed using life cycle approach. A case studyutitling was conducted to measure life cycle
energy consumption and solid waste generation &yaa the impacts of implementation of

LEED requirements (Scheuer & Keoleian, 2002).

LCA approaches can be integrated into LEED. Llogdalibed that USGBC has recognized the
benefits of using quantitative and holistic lifecty information and an “LCA into LEED”
program has been initiated to determine how besnteggrate LCA into LEED Building for
Economic and Environmental Sustainability (BEES)okhs an LCA software tool developed
by National Standards of Intitute and Technologketaa life cycle approach to building
materials and focus on both life cycle environmeatal cost data. It was shown that BEES can

be used to integrate LCA itno LEED (Lloyd, 2005).
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There are two ways to conduct an LCA - using anutiqutput based LCA, or a process based
LCA. Economic input-output based LCAs are basedeoanomic transactions and resource
interactions between an exhaustive set of econgeutors. “The Economic Input-Output Life

Cycle Assessment (EIO-LCA) method estimates thenas$ and energy resources required for,
and the environmental emissions resulting fromiyvéiets in our economy. It is one technique
for performing a life cycle assessment, an evalmatif the environmental impacts of a product

or process over its entire life cycle”.

EPA has developed a report, which gives an overaksources and magnitude of construction
and GHG emissions and ways to reduce them. Thertyppiies to reduce GHG emissions are
presented based on best available sources andnation. EPA describes that Fuel selection,
equipment idling, electricity use, equipment manatece, equipment selection and material
recycling are the construction activities that hssin GHG emissions and have the most
influence on contractors potential ability to atfesmissions. Similarly, material selection,
employee commuting, materials shipment and vegetagmoval have some influence and site
selection and structural design and performance htle influence (EPA, 2009).

Emphasis on recycling and reusing of materialdasqul as GHG emissions released during the
manufacturing and transportation of the constructimaterials are avoided. Therefore, recycled
materials should be used on the project like Fhy afast furnace slag and recycled steel. Fly ash
and blast furnace slag can be used as supplenoamentitious materials and replace a portion
of the cement. The emission factor of such typblended cement is greatly reduced. Table 2.3
shows the environmental impact score of the trawiti Portland cement and the blended cement

(Huntzinger & Eatmon, 2009). The software tool Strawas used to assess the environmental
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impact score of the two types of cement using LCéthndology. It can be seen that use of
blended cement reduces GHG emissions by 21.6% gihgetr & Eatmon, 2009).

Table 2.3: Comparison of Environmental Impacts of Tvo Types of Cement(Huntzinger &

Eatmon, 2009)

Environmental Impact Traditional Portland Blended

Category Cement Cement

Greenhouse .088 .069
Acidification .043 .034

Also, recycling steel reduces GHG emissions ané smergy by 56%. Also recycling 1 ton of
steel conserves 2500 pounds of iron ore, 1400 mwhdccoal and 120 pounds of limestone

(West, 2012).

2.6.3 Available LCA Tools

LCA tools are the applications to conduct LCA ofhstyuction products and systems. These can
be used to quantify energy and material usage, et ag8 quantification of environmental
releases across all the life cycle stages. LCAstamn widely be used for environmental
labeling, product environmental improvement, ecagesind policy evaluation (Menke et. al.,
1996). Menke, Davis and Vigon (1996) identified gehensive list of 37 LCA tools and the

related literature was reviewed.

LCA tools measures the environmental impacts piiignacross a five set of environmental

indicators which are fossil fuel use; global wargpotential, toxic releases to air; toxic releases
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to water and solid waste generation. Mukherjee @ads (2011) surveyed GHG impact
assessment tools shown in Table 2.4 and classiitedrding to the institution type such as
Academic tools, Government and Industry.

Table 2.4: GHG Impact Tools(Adopted from (Mukherjee & Cass, 2012))

" Institution Type GHG Impact Tools |
Life Cycle Emission Rating/Point
Assessment Calculators Systems
FHWA Self-
Government NREL-LCI SGEC Tool Evaluation Tool
Road Construction Greenroads
Academic State EIO-LCA PaLATE Emission Model GreenLITES
GreenDOT [-LAST
. CHANGER
Industry ?maPro e-CALC Greenroad¥
SPECT .
AggRegain
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CHAPTER 3
FRAMEWORK FOR ASSESSING SUSTAINABILITY IN BRIDGE DE SIGN,

CONSTRUCTION AND MAINTENANCE

3.1 Definition of the Framework

Based on the detailed content analysis discussdtfieinprevious sections, the framework is
divided into three sections: 1) Design, 2) Congtom; and 3) Maintenance. The design section
entails site, materials and others while constoumctection is based on construction techniques,
water use, renewable energy, construction waste fggl efficiency. The maintenance section
highlights sustainability issues in bridge paintiopaning, drainage and impacts on aquatic and
wildlife. Each category is divided into variousteria. The description, intent and requirements
have also been established. Table 3.1 shows thefliziteria and construction standards that
were used to establish the requirements for eatérion. The lists of criteria were obtained
based on detailed content analysis. The finaldisthe criteria included in the framework is

based on MDOT suggestions, which are based onrdepiirements for bridges in Michigan.
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Criteria

Criteria
1.1.1

Criteria
1.1.2

Criteria
1.1.3

Site Selection

Historic Site
Preservation
Soil Erosion anc

Sedimentation Control

Table 3.1: Criteria Table

Intent Standards

1. Design

1.1 Site

To avoid environmental impac Appendix M of Construction General Permit of US
due to the location of a site. department of Environmental Protection Agency (EPA)

http://www.epa.gov/npdes/pubs/cgp_appendixm.pdf

Appendix D of EPA’s Construction general permit.
http://www.epa.gov/npdes/pubs/cgp_appendixd2011.pdf

To avoid development of historicSection 106 of the National Historic Preservatiat; A
sites and reduce the socio-cultural o ) ]

location of a bridge on a site. 2311 Cultural Resources Survey, P/IPMS Task Manual

MDOT.

To reduce pollution such as s¢ Principles of Runoff Control for Roads, Highwaysda
erosion, sedimentation and du Bridges; Erosion, Sediment and Runoff Control for
and particulate matter generatic Roads and Highways, Environmental Protection Agency
resulting due to constructio (EPA); http://water.epa.gov/polwaste/nps/runoff.¢cfm
activities.

Part 1.1.2: Soil Erosion and Sedimentation Control,
Chapter 9, Storm-water Best Management Practices
(BMP’s);

Michigan Department of Environmental Quality
(MDEQ).
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Table 3.1 (cont'd)

Criteria i Intent Standards

Brownfield To rehabilitate contaminated sit Section 2.4, Contamination Investigation (2800 &yi

Redevelopment and reduce pressure « P/IPMS task manual, MDOT;
- undeveloped land. i i
Criteria EPA 2011, Environmental Protection Agency,
1.1.4 Brownfield Sites, Region 4: Land Revitalization and
Reuse.
Storm-Water To reduce the quantity ofMichigan Department of Environmental Quality
Management pollution and run-off from storm-(MDEQ);
water that is discharged into )

Criteria surface waterways or stormChapter 9, Storm-water Best Management Practices,
115 sewers. MDOT Drainage Manual;

MDOT Soil Erosion and Sedimentation Control Manual.

1.2 Materials

Use of Recycled To increase the demand foSection 3.12.3 "General Recommendations for DOTs
Materials materials that incorporatewith Regard to Recycling and Waste Management" of
Criteria recycled materials, therebyChapter 3 "Designing for Environmental Stewardship
1.2.1 reducing environmental impact€onstruction & Maintenance” 3.12.3

resulting from extraction and

processing of virgin materials.

41



Table 3.1 (cont'd)

Criteria

Intent Standards

Criteria
1.2.2

Criteria
1.2.3

Criteria
1.2.4

Criteria
1.25

Supplemental To reduce the embodied ener Section 3.12.3 “General recommendation for DOT with

Cementitious Materials associated with the cement | regard to recycling and waste management” of cinéte
replacing a part of it witt “Designing for environmental stewardship in
supplemental cement. materials construction and maintenance” 3.12.3.

Reduction in Quantity To reduce the quantity ¢ Development of Rating System for Sustainable Bisdge
of Materials materials in bridges to avoi MS Thesis, Massachusetts Institute of Technologg, M
environmental impacts associat by Lauren Hunt, 2004
with the life cycle of materials.

Material Reuse To reuse bridge materials an®ection 5.7.14 "Aluminum Sign Recycling and
attachments to reduce demand f@hromate Coating Elimination” and Section 5.7.3
virgin  materials and reduceRecycled Concrete Material/Aggregate (RCM/RCA) of
waste. Chapter 5 "Pavement, Materials, and Recycling”.

Regional Materials To increase demands fi Material and Resource Credit 5 of LEED® 2009.

materials and products that &
extracted and manufacture
within  the region, thereb
supporting the use if indigenot
resources and reducing tl
environmental impacts resultir
from the transportation
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Table 3.1 (cont'd)

Criteria Intent Standards

1.3 Other

Renewable Energy Us« To promote the use of renewak ANSI/ ASHRAE/ IESNA Standard 90.1-2007 (Exterior
energy on site thus reducir Lighting).
economic and environment
impacts associated with no
renewable energy use.

Criteria
1.3.1

Bicycle Pedestrian To promote the use of alternativBicycle and Pedestrian Legislation in Title 23 l@dit
O(|=(ER Pathways transportation in order to reducstates Code (U.S.C), Office of Planning, Environtmen
1.3.2 energy demand and reducand Reality (HEP), FHWA.

pollution due to automobile use.

Criteria Standards

Lane Adaptability

To provide a framework forHigh-Performance Materials for  Substructures,
additional lanes for  anyFoundations, and Earth Retaining Systems Workshop,
Criteria unforeseen conditions. Bridge and Structures Research and Development
1.3.3 (R&D), Federal Highway Administration Research and
Technology, FHWA, Publication Number: FHWA-
HRT-08-058, February 2009.

Life Cycle Cost To estimate the overall cost of tt NCHRP, National Cooperative Highway Research

Analysis project alternatives and select t Program, 2003. “Bridge Life Cycle Cost Analysis
Criteria design that ensures the facili Report 483".
1.34 will provide the lowest overal

cost of the ownership consiste
with its quality and function
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Table 3.1 (cont'd)

Criteria Intent Standards

2. Construction

Accelerated Bridge The objective is to reduce thd-ederal Highway Administration (FHWA).
Construction construction time of the project
Techniques thereby reducing environmental

and traffic mobility impacts.

Criteria 2.1

Corrosion Resistar To prevent bridge reinforcemel Performance of epoxy-coated rebar in bridge decks
Steel Reinforcement  from corrosion by penetration ¢ volume 60-No. 2, FHWA,;

sodium chloride thus preventir _ _ _ _
Criteria 2.2 the bridge from early Stainless steel reinforcement, MDOT bridge design
deterioration and extending tt Manual section 7.04;

SEnEe I of dne brivge. Epoxy coated rebar bridge decks; expected serifice |

MDOT bridge design manual section 12.

Criteria Standards

Efficient Water Use To conserve water throug Specification C94 for Ready Mixed Concrete;
Criteria 2.3 efficient use during Dbridg _ -
' construction. Section 911 of 2012 MDOT standard specifications fo
construction.

Non-road EquipmentTo reduce air emissions fronProject Development Criteria 27, “Sustainable Higlgs/
@18 Emission Reduction  non-road equipment. Self Evaluation Tool” FHWA, US Department of
Transportation, 2011
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Table 3.1 (cont'd)

Standards

Criteria Intent

Construction Waste To divert waste generated Section 01 74 19 - Construction Waste Management,

Management construction and demolition fror EPA.
Criteria 2.5 disposal and in landfills an
incineration.

Use of Certified Wood To encourage best foresbDesigning and Building with FSC, Forest Stewardship

Criteria 2.6 management practices. Council, Forest Product Solutions.

3. Maintenance

Efficient Inspection To use efficient inspectionAASHTO, 2009, Chapter 7, Bridge Maintenance,
Technologies technologies and processes fdCenter of Environmental Excellence by AASHTO?,
proper  maintenance  actiowww.environment.transportation.qrg

Criteria 3.1 decision thus enhancing the . ]
service life  and  reducingMDOT Bridge Inspection Manuals and MDIOT

associated environmentalnspection  Manual,  Michigan Department  of
impacts. Transportation.

Bridge To prevent bridge component®©SHA; CFR 29 1926.62, Lead in Construction;
Painting/Coating from deterioration due to

of bridges. Technical Note: Zinc-Rich Bridge Coatings;
Clean Air Act Amendments;
Society for Protective Coatings (SACE);

National Association of Corrosion Engineers (NACE)
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Table 3.1 (cont'd)

Criteria

Criteria 3.2

Criteria 3.3

Criteria 3.4

Title

Bridge
Painting/Coating

Bridge Cleaning

Bridge Deck Drainage

Intent Standards

To prevent bridge componen OSHA; CFR 29 1926.62, Lead in Construction;

from deterioration due t _ _ _ _ _ _
corrosion thus increasing the a Zinc-Rich Bridge Coatings, FHWA Bridge Coatings

of bridges. Technical Note: Zinc-Rich Bridge Coatings;
Clean Air Act Amendments;
Society for Protective Coatings (SACE);
National Association of Corrosion Engineers (NACE);

GS11 Green Seal Environmental Standard for Paimits a
Coatings.

To clean components of bridgeBrainage System cleaning, Pavement Cleaning, MDOT
susceptible to dirt, bird-dropScoping  Manual, Michigan Department  of
accumulation etc. thus increasingransportation;

efficiency of the bridge ) _ .
components and lessenPart 7.1.3, Bridge Cleaning; Chapter 7, Bridge

maintenance requirements. Maintenance, Center for Environmental Excellence by
AAHSTO” American Association of State and
Transportation Officials. NCDOT Guidelines for
Managing Bridge Wash Water Version 1.0.

To avoid impacts on the dec Proper Drainage Reduces Roadway Problems. Nevada
structure and reinforcing bars d Milepost, Nevada’'s Technology Transfer Quarterlg).V
to inefficient drainage. 12, No. 1, (Spring 2002) p. 1.
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Table 3.1 (cont'd)

Criteria

Criteria 3.5

Criteria 3.6

Criteria 3.7

Criteria 3.8

Title
Avoiding and

Minimizing Impacts to
Fish and Wild Life

Corrosion Control
Materials

Bridge Deck Joints an
Seals

Snow and Ice control

Intent Standards

To avoid impacts on fish an Federal Endangered Species Act;
wild life due to maintenanc
activities Rivers and Harbor Act;

Clean Water Act;

Michigan Department of Environmental Quality
(MDEQ).

To prevent or minimize theMDOT standard specifications for construction smtti
corrosion of bridge elements du&12.03

to the penetration of sodium = _ _ _
chloride. Michigan State University Report, 2000, “Repair of

Corrosion Damaged Columns Using FRP Wraps”

To minimize or eliminate poorl* Evaluation of various types of bridge deck joirfgal
maintain bridge deck joints ar Report 510, Baker Engineering and Energy, Arizona
seals thus maintaining the servi Department of Transportation;
life of the bridge.
Michigan Department of Environmental Quality
(MDEQ).

To implement snow and iceSustainable Highways Self-Evaluation Tool, FHWA,
control techniques to reduc&JSDOT

associated impacts of snow and

ice on the bridge.
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3.2 Green Rating System for the Bridges

An extensive content analysis of MDOT's currentcpecas as well as existing sustainability and
bridge related sources was carried out to develwp ftamework. After going through a
significant research session by consulting differgurnals, articles, books and websites,
MDOT's design and construction manuals, New Yorkte&StDepartment of Transportation
(NYSDOT) Leadership In Transportation and Environtaé Sustainability Project Design
Certification Program (NYSDOT, 2008), LEEP2009 and a master's thesis on "development of
a rating system for sustainable bridges" providgdificant guidance in selecting and defining
categories and credits for the framework to assefisis work. Current sustainable practices in
design, construction and maintenance followed byQMDhave also been reviewed. For this
purpose MDOT manuals such as MDOT scoping manudOM design manual, MDOT

drainage manual and MDOT bridge preservation matie been reviewed.

MDOT follows best management practices for stormewananagement (Quality and Quantity
Control), measures to avoid soil erosion and sedfiati®n control, and efficient drainage
systems. MDOT, under agreement with the MDEQ is aéstified as a storm water management
operator on all transportation related construcsiv@s statewide, and requires project managers
to attend training to keep certifications currelmt.addition to these, MDOT uses recyclable
materials such as concrete incorporating wastel aacfly ash and recycled-in-place asphalt
pavements. Fiber Reinforced Plastics (FRP) is asd by MDOT for the bridge decks and

other structural member applications. Various &sidnave demonstrated that FRP is more

effective than other material with regard to theoant of CO, emissions and is corrosion

resistant material.
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3.2.1 Category 1-Design

The design category focuses on measures that dahkére during the design of bridges. Creating
plans and employing methods in the design thatltréswachieving sustainability will be the
intent of this category. The design principles wi consistent with MDOT policy and
standards. MDOT has already been practicing sevetstainable techniques and has
incorporated these criteria in their design strigggwvhich are environmentally responsible. The
design section is divided into sites, materials atieér which are further subdivided into various
criteria. Guidance is given under each criteriondssigning points to the particular category.
This study describes in detail the construction mraihtenance category while details on design
category can be found in MS thesis completed by A{@2®12), which is based on the research
work for MDOT titled as “Implementation of Sustalmlity in Bridge Design, Construction and

Maintenance (MDOT, 2012).

3.2.2 Category 2-Construction

Construction is an important phase, which incorfgsrathe rehabilitation, replacement or
addition of an entire structure. A successful pbjéncludes timely completion, cost-

effectiveness and quality. The following sectiondll vdefine the criteria and standards

recommended to incorporate in bridge projects dutiie construction phase. These credits will
help in promoting a sustainable environment andelesg the impacts on nature by integrating
recycled or reused materials, efficient water usanaging waste material on-site, utilizing

sustainable energy resources and employing fuielait vehicles in the construction process.
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Criteria 2.1: Accelerated Bridge Construction Trgoes (ABCT) (14 Points)

Description:

Accelerated construction is used to achieve thestcoction of structures in a shortest possible
time while decreasing delays and traffic disruptitins not just building structures rapidly but
also entails a variety of techniques, processes terhnologies to achieve the desired result of
reducing congestion due to construction while imprg quality. These techniques are used for

the construction of new bridges and also the replent of existing bridges (Ralls, 2007).

Intent:
The objective is to reduce the construction timehef project thereby reducing environmental

and traffic mobility impacts.

Requirements:

Adopt one of the outlined techniques below:

Self-Propelled Modular Transports (SPMT): It offensmerous marketing strengths due to the
straightforward, demonstrable, easily compreheedimture of its value proposition. Saving

time, money (in terms of the costs of travel deland possibly lives, by removing older

structures and replacing them in minutes or houts mew structures constructed offsite is an

obvious improvement over conventional methods (AASH2010).

Incremental Launching: In this method, bridge isfabricated in 50-100 feet long units under

factory conditions behind an abutment and bridgleusiched by sliding it on bearings into the

final position without the aid of scaffolding. Thevantages are less first cost due to less
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equipment and less labor and less maintenance(loesiiko, 2007). This can be done through
super-structure roll in, super-structure lift indansing pre-fabricated bridge elements and

components.

Scoring Criteria:

Points can be scored based on the percentage efsared by using ABC techniques as shown
in Table 3.2. The points will be awarded based e ttme reduced due to the application of
accelerated bridge construction techniques. Thetpavill be awarded based on the following

criteria:

Table 3.2: Scoring Criteria for Accelerated bridgeConstruction Techniques

% Reduction in Time Points Scored

0-10 3
11-25 5
26-40 7
41-60 10
61+ 14

Standards/Resources:
e Accelerated Bridge Construction Techniques, US demnt of Federal Highway

Administration (FHWA)
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Criteria 2.2: Corrosion Resistant Steel Reinforcen(® Points)

Description:

Chloride salt-based deicing chemicals the most comai which is sodium chloride are used for
snow and ice control on bridges in winter. Sodiumoide can penetrate through cracks and
over time through diffusion and acts as catalystrénforcement corrosion. This is one of the
primary reasons of deterioration of the structém@ding corrosion resistant steel reinforcement
helps establish a barrier that attempts to bloek gkenetration of water, oxygen, and other

elements that promote corrosion of the reinforcenfi@oatman, 2010).

Intent:
To prevent bridge reinforcement from corrosion lepgtration of chloride thus preventing the

bridge from early deterioration and extending tbevige life of the bridge

Requirements:
a) Consider using corrosion resistant reinforcing Iseeeh as epoxy coated reinforcement,

stainless steel reinforcement, stainless steelreliafiorcement.

b) Stainless steel industry share @D, emissions could be around 12% of global emissions.

Stainless steel contributes greatly towards susibdity and it leaves reduced carbon

footprint (Gopal, 2006).

Scoring Criteria:

4 Points will be awarded if epoxy coated reinforeamare used on the project and 8 points will

be awarded for both stainless steel reinforcemettepoxy coated reinforcement.
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Standards/Resources:

e Performance of epoxy-coated rebar in bridge deokawe 60-No. 2, FHWA

e Stainless steel reinforcement, MDOT bridge desigmmal section 7.04

e Epoxy coated rebar bridge decks; expected serie&eMDOT bridge design manual section
12

e ASTM E937 - 93(2011) Standard Test Method for Csion of Steel by Sprayed Fire-
Resistive Material (SFRM) Applied to Structural Meeens

e ASTM A1035 (low carbon, chromium) — MMFX2

e Stainless steel conforming to ASTM A955 — UNS deatgns: S24100, S30400, S31603,
S31653, S32101, S32201, S32205

e Stainless steel clad bars conforming to AASHTO MR13
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Criteria 2.3: Efficient Water Use (2 Points)

Description:

Water is one of the most valuable resources ormpldueet earth, and although the United States
has a copious supply, it is not evenly distributadbughout the country. Recent droughts
illustrate that many areas are severely underseghph truck roughly utilizes around 50 to 200

gallons of water in washing out (Lob, 2010). Theref innovative and cost-effective water

efficiency strategies will help in saving this nauresource.

Intent:
The objective is to efficiently use water during thridge construction and incorporate water
efficiency and conservation in equipment washirigertails considerable reduction in use of

potable water and employs on-site resources inraadessen demand on municipal water

supply.

Requirements:

Consider use of gray water in making ready mix cetec(ASTM, 2009). Consult Section 911 of
the 2012 MDOT Standard Specifications for the statdimits the amount of total solids; total
organic content and alkalinity of non-potable wateat can be used in concrete mix designs.
Any gray water used that has values higher thasetlisted Table 911-1 will lower the concrete
life expectancy and therefore cannot be used. Stecgcle and reuse water already utilized for
equipment washing (Lob, 2010). Other means to dserdhe water usage could be using
recycled water in Plant and truck washing, Pland gard wash down, Slump adjustment

Aggregate sprinklers.
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Scoring Criteria:
Compute the quantity of gray water or recycled asdsed water used on the project as a
percentage of quantity of water if only municipahter is used. Points can be scored according

to the percentage of water saved as shown in Tal3leusing any of the outlined or other

techniques.
Table 3.3: Scoring Criteria for Water Use Reduction
% Water reduced using
- : Score
water efficiency techniques

20 1

30 2
Standards/Resources:

e Specification C94 for Ready Mixed Concrete

e Section 911 of the 2012 MDOT Standard Specification
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Criteria 2.4: Non-Road Equipment Emission Reduc({ib®oints)

Description:

Air emissions from construction equipment contréosignificantly to the degradation of the

environment. Therefore, it is imperative to usehstype of equipment, which produces lesser
emissions than conventional ones. “Non-road enganesll internal combustion engines except
motor vehicle (highway) engines, stationary engifgsengines that remain at one location for
more than 12 months), engines used solely for ctittgye or engines used in aircraft. The non-
road standards cover mobile non-road diesel engnfesll sizes used in a wide range of
construction, agricultural and industrial equipnief@PA, 2004). So, Non-road equipment is

used in construction and not on roads like carsebetc.

Intent:

The objective is toeduce air emissions from normoad equipment.

Requirements:

“Use non-road equipment that meet at least onkeofdllowing criteria” (FHWA, 2012).

a) Have engines that meet the current U.S. EnvironaheBtotection Agency (EPA) Tier
emission standards (Tier 3/Interim Tier 4 as ofiApP11) in effect for non-road engines of
the applicable engine power group.

b) Have diesel retrofit devices for after-treatmentlytion control verified by EPA or the

California Air Resources Board (CARB) for use witbn iroad engines.”
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Scoring Criteria:
One point will be awarded if 50% of the equipmereets the above requirement.

Two points will be awarded if 75% of the equipmergets the above requirement.

Standards/Resources:

Project Development Criteria 27, “Sustainable Higlge Self Evaluation Tool” FHWA, US

Department of Transportation, 2011
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Criteria 2.5: Construction Waste Management (4 8pin

Description:

Waste management entails identify, collect and renbe waste materials from the construction
site to the appropriate land. A construction wastsagement plan is the first step in managing
construction waste because it requires contradimrestablish a system for tracking waste

generation and disposal during construction.

Intent:
The objective is to divert construction and denmmtitdebris from disposal in landfills and
incineration facilities. Redirect recyclable recmaatresources back to the manufacturing process

and reusable materials to appropriate sites (US@BQ9).

Requirements:

Recycle and/or salvage nonhazardous constructiash @emolition debris. Develop and
implement a construction waste management plan dhat minimum, identifies the materials to
be diverted from disposal and whether the matemalsbe sorted on-site or comingled. In
addition, establish a comprehensive plan to a#sestontractor in proper disposal of the hydro-
demolition water. This plan entails the collectiomanagement and disposal of hydro-demolition
water from a hydro-demolition process used for dmiddeck restoration (North Carolina
Department of Transportation, 2008). Calculatioas be done by weight or volume, but must
be consistent throughout. Develop a constructiostevananagement plan that results in end of
project rates for salvage/ recycling of 95 perdantveight of construction and demolition waste

(EPA, 2007).
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Scoring Criteria:

The points will be awarded based on percentagetaf tonstruction waste diverted from the
landfills as shown in Table 3.4. An example forccddtions is shown in Table 3.5.

Table 3.4: Scoring Criteria for Construction Wasgl@nagement

% Construction Waste Diverted Points |
20 1
40 2
60 3
80 4

Table 3.5: Example Calculations for ConstructionstéaManagement

Material Diversion Quantity of Diverted
Description Material
Concrete Recycling 210.6 Tons
Steel Steel Collector 6.5 Tons
Wood Reuse 8.0 Tons
Mixed Waste Landfill 52.0 Tons
Rubble On-site Reuse 60.0 Tons
Total Construction Waste Diverted 337.1 Tons
Total of all Construction Waste 500.00 Tons
% of Construction Waste Diverted 67.5%
Standards/Resources:

e Section 01 74 19 - Construction Waste Managemd E
e Section 03SP712(C), Special Provision for Managkhgdro-demolition Runoff Water,

MDOT
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Criteria 2.6: Use of Certified Wood (1 Point).

Description:

Forest Certifications has grown rapidly over thet ldecade. This practice is used to effectively
use and manage nature’s resources. “The Foresa&iswp Council (FSC) is an international
not-for-profit, multi-stakeholder organization dstahed in 1993 to promote responsible
management of the world’s forests. Its main toas &chieving this are standard setting,
independent certification and labeling of foresidarcts. This offers customers around the world
the ability to choose products from socially andiemmmentally responsible forestry”FSC
certification for wood products represents a reglpeoach to assuring customers that the

product they choose come from forest that were gpethén a sustainable manne(FSC, 2011).

Intent:

To encourage the best forest management practices.

Requirements:

“Use a minimum 50% (based on cost) of wood basei@nmmaégs and products that are certified in
accordancewith the Forest Stewardship Council'siggles and criteria for wood building

components” (USGBC, 2009). “This should includet hot limited to, general dimensional

framing, and non-rented temporary construction iappbns such as bracing, concrete form
work and predestrian barriers” (Hunt, 2004). Presire treated woods also provide

environmental, economical and social benefits tarammmunities (McConnell & Irby, 2011).
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Scoring Criteria:

1 point for using certified wood in the project.

Standards/Resources:

e “Designing and Building with FSC”, Forest Produci@&ions, Forest Stewardship Council.
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3.2.3 Category 3-Maintenance

Majority of the bridges built in around 1960’s ari®70’s need significant repair and
maintenance actions (Helms, 2011). Lead and Chefreded paints and coatings removal may
have significant impacts on the environment, waskand public. This section outlines the
requirements of inspection technologies, bridgatoag, cleaning, deck drainage and impacts to
fish and wild life that should be met in order sluce environmental impacts associated with

these.
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Criteria 3.1: Efficient Inspection TechnologiesR8ints)

Description:

Inspection technologies play a very important nolecollecting data and reliability indices of
various structural and environmental conditionse @$ efficient equipment and processes can
help in assessing the conditions of the bridge neffieiently and accurately. Efficient and
accurate data is required to make decisions rag@ndirious maintenance actions. Therefore, it
is recommended to use efficient inspection techgiekand processes for assessing the bridge
conditions for proper maintenance action decisiofaking proper and timely maintenance

actions would ensure increasing service life anddst-effective.

Intent:
To use efficient inspection technologies and preegdor proper maintenance action decision

thus enhancing the service life and reducing aasettienvironmental impacts.

Requirements:

a) Follow Recommended Framework for a Bridge Inspeacti@pA/QC Program of National
Bridge Inspection Standards, FHWA. The frameworlscdbes the quality control and
quality assurance procedures for accuracy and stensly in the bridge inspections. The
framework outlines documentation of QA/QC progr&uality Assurance (QA) procedures,
and Quality control (QC) procedures.

b) Use of specialized bridge equipment such as undelgd inspection vehicles, mobile

inspection platforms, non-destructive evaluationipopent and data collection and analysis
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equipment (Lwin, 2005) for efficient data collectiand to allow workers to maneuver safely

into position allowing for hands-on inspection andintenance work.

The office of bridge technology, FHWA, outlines alipy regarding the use of federal-aid
funds, specifically highway bridge replacement aglghbilitation programs (HBRRP) funds
for the purchase or rent of the specialized inspeaquipment. Federal HBRRP funds may
also be used for the installation of permanentutest that facilitate inspection activities on
highway bridges as defined in 23 CFR 650.305. Seatures as handrails, anchor points for
a horizontal lifeline, and catwalks would be a femamples. In addition to HBRRP funds,
National Highway System, Surface TransportationgRmm, and State Planning and
Research funds may be used for development, edtaidint, and implementation of bridge

management systems and associated data collectigiti@s.

Scoring Criteria:

2 points for meeting the first requirement only.

2 points for meeting both requirements.

Standards/ Resources:

Recommended Framework for a Bridge Inspection QA/®@gram, National Bridge
Inspection Standards (NBIS), Bridge Technology, éfald Highway Administration and
Funding For Bridge Inspection Equipment And AccEsatures, National Bridge Inspection

Standards (NBIS), Bridge Technology, Federal Highveministration (FHWA)
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e MDOT Bridge Inspection Manuals and MDOT InspectManual, Michigan Department of

Transportation

65



Criteria 3.2: Bridge Painting/Coating (6 Points)

Description:

Bridge painting and cleaning are important parthef bridge life cycle. The painting enhances
the aesthetics and protects the steel bridge eksmagainst corrosion and other weather
deterioration (AASHTO, 2012).Paints should be usedlow corrosion cause by moisture, air,
and oxidizing chemicals (Chang, Abdelrazig, & Ché&@00). An effective bridge painting and
cleaning plan is required as certain activities loarexpected during bridge painting and cleaning
such as traffic lane closures, pedestrian and l@cgletours, moderate construction noise and
dust and normal work hours of 7 AM to 4 PM with asional night time and weekend works.
Paint should be used to slow corrosion cause bystomai, air, and oxidizing chemicals.
Typically, bridge abutments and piers are madeootete. The beams and diaphragms made of

steel are what needs to be painted.

Intent:
To prevent bridge components from deterioration tluecorrosion thus increasing the life
expectancy of bridges and also protect the workadsthe environment from paint related by-

products.

Requirements:
a) Utilize best practices to protect workers and emvinent during lead paint removal and
remove lead from existing structures and repladé winc-rich type 4 systems (AASHTO,

2012).
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b) Consider applying coating to the structural steekmforcement i.e. consider using zinc rich
coatings that provide galvanic protection with &ddial coatings of epoxy and urethane
paints (MDOT, 2012). Consider galvanizing, metatgz methods and inorganic zinc-rich
paints (Kline, 2009). The concentration of zinc jgewin the mixed coating is >80% by
weight for the best performing inorganic zinc painAASHTO M300 covers zinc-rich

coatings for steel (FHWA, 2012).

Scoring Criteria:
3 points are awarded, if zinc rich coatings areduse all the components and 6 points are

awarded for meeting all the requirements.

Standards/Resources:

e Zinc-Rich Bridge Coatings, FHWA Bridge Coatings Teical Note: Zinc-Rich Bridge
Coatings

e Clean Air Act Amendments

e Society for Protective Coatings (SACE)

¢ National Association of Corrosion Engineers (NACE)

e (GS11 Green Seal Environmental Standard for PantsCaatings
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Criteria 3.3: Bridge Cleaning (2 Points)

Description:

Bridge cleaning is important in bridge maintenantteconsists of cleaning of all bridge
components vulnerable to dirt, bird-drop accumalgtiaccumulation of any chemicals etc. by
using a suitable means or method such as hand, tamldlasting or water jetting. Bridge

cleaning may increase the life of bridge componsigsificantly (AASHTO, 2009).

Intent:
To clean components of bridges vulnerable to 8irt] drop accumulation etc. thus increasing

the longevity of the bridge components and lesgehiture maintenance requirements.

Requirements:

Bridge components subjected to dirt, bird drop aundation etc. should be cleaned periodically

by using hand tools, air blasting or preferablyavaetting. Specifically:

a) Use proper respirators to avoid inhalation of dusany other material.

b) Bridge components such as decks, pier caps, abtiseats, select beam flanges, wing walls,
bearing systems, open expansion joints shouldveeeater flush.

c) Use best practices in channel maintenance for icigaof weeds, float, debris etc. from the
vicinity of the bridge.

d) Develop a management plan for containment ofhwaater i.e. to collect, sample, test,
monitor and disposal of wash water. Avoid entenvegsh water into storm sewers, surface
water, wetlands, ditches, floodplains etc., uniesompliance with the local standards.

e) Determine the pollutant level of the wash wateselect suitable disposal method, such as
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disposing it off in surface waters or below theugrd surface.
f) The wash water may also be hauled to a licemssadment or disposal facility, in accordance
with the approved wash water sampling and disppkal (North Carolina Department of

Transportation, 2008).

Scoring Criteria:
e 1 point will be awarded for developing schedulelefining operations.

e 2 points will be awarded if wash water manageméan s also developed.

Standards/Resources:
e Drainage System cleaning, Pavement Cleaning, MDQDbpiag Manual, Michigan
Department of Transportation

e “Part 7.1.3, Bridge Cleaning; Chapter 7, Bridge Manance, Center for Environmental
Excellence by AAHSTO” American Association of Statel Transportation Officials.

e NCDOT Guidelines for Managing Bridge Wash Watersian 1.0
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Criteria 3.4: Bridge Deck Drainage (2 Points)

Description:

Bridge deck drainage is an important feature amg should be given while designing and
maintaining the deck drainage. It should be desigoneaccommodate runoff. Effective design
and maintenance of deck drainage is required teeptehe deck structure and reinforcing steel

from corrosion due to deicing salts and moisturA$ATO, 2009).

Intent:

To avoid impacts on the deck structure and reimfigrbars due to inefficient drainage.

Requirements:

a) Gutter flow from roadways should be interceptedbeit reaches a bridge;

b) Avoid zero gradients and sag vertical curves oddas;

c) Larger grates and inlet structures can be usedtbatesubsequent roadway sections to collect

runoff from bridge decks immediately (AASHTO, 2009)

Scoring Criteria:
1 point for meeting any of the two requirements.

3 points for meeting all of the requirements.

Standards/Resources:
e "Proper Drainage Reduces Roadway Problems.” NeWitepost, Nevada's Technology

Transfer Quarterly, Vol. 12, No. 1, (Spring 2002)1Lp
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Criteria 3.5: Avoiding and Minimizing Impacts toghi and Wild Life (1 Point)

Description:

Bridge maintenance operations can severely disthet natural flow of river and stream
ecosystems. The road crossings like bridges aneerdsl have a growing concern in altering
habitats and disrupting the river and stream car¢dackson, 2003). Stream crossing methods
include bridges, open-bottom or arch culverts, balxerts, and pipe culverts. Depending on the
type of crossing, its size, method of installatiand maintenance, a crossing may have many or

relatively few adverse impacts on a river or stresosystem.

Intent:

To avoid impacts on fish and wild life due to maimance activities.

Requirements:

a) Seek ways to build more durable structures, iandn environmentally sound fashion.
Identify opportunities to Avoid and Minimize Impact

b) Scheduling Maintenance and Improvements to spandnal time in sensitive environments.
Practices may include scheduling bridge maintendoncavoid egg spawning incubation,

juvenile rearing and downstream migration periodgsh (AASHTO, 2009).

Scoring Criteria:

e Point is awarded for meeting the requirement.
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Standards/Resources:

Federal Endangered Species Act
Rivers and Harbor Act

Clean Water Act
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Criteria 3.6: Corrosion Control Materials (3 Po)nts
Description:
This criterion will address corrosion control m#és that can be used during rehabilitation and

maintenance of bridges.

Intent:

To prevent or minimize the corrosion of bridge etets due to the penetration of chloride based
deicers. This minimizes early deterioration of teicture. Each recommended method would
either result in an increased amount of time betweaintenance cycles or extend the bridge’s

service life.

Requirements:

a) Consider using galvanic anodes in all concreteheastd¢hat extend below the top layer of
reinforcement. Only galvanic anodes listed on MDOQPL can be used.

b) Consider using Carbon Fiber Reinforced Polymer (EfFRrap. This increases the strength,

is lightweight and provides additional corrosiosis¢ance.

Scoring Criteria:

2 points are awarded, if any one requirement is met

3 points are awarded for meeting both the requirgsne

Standards/Resources:

e MDOT standard specifications for construction set#12.03
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e Michigan State University Report, 2000, “Repair @brrosion Damaged Columns Using

FRP Wraps”
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Criteria 3.7: Bridge Deck Joints and Deck JointlSé& Points)

Description:

Bridge deck joints are important components forpprofunctioning of the structure. Various
factors such as temperature change, deflectioredang loads, creep and shrinkage of concrete,
stream or ice flow and longitudinal force of vebilcauses bridge to expand and contract.
Bridge deck joints allow the bridge to expand awodtract while protecting critical elements

underneath the joint.

Intent:
To minimize or eliminate poorly maintained bridgecHl joints and seals thus maintaining the

service life of the bridge

Requirements:

Consider:

a) Eliminating bridge deck joints (when possible) oovimg joints off bridge with the use of
sleeper slabs.

b) Discontinue to the extent possible the use of cesgon seals in new construction,
replacement, and rehabilitation. Replace existmmmression seals and block out style joints
in those locations where expansion or rotation aeded with strip seal style expansion
devices.

c) Establish a routine maintenance procedure to @aijaints.
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Scoring Criteria:

The points are awarded based on the requiremenagretown in Table 3.6

Table 3.6: Scoring Criteria for Bridge Deck Jointsand Seals

Requirement Points
a 2
b 1
c 1
Standards/Resources:

e “Evaluation of various types of bridge deck joint&inal Report 510, Baker Engineering and

Energy, Arizona Department of Transportation
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Criteria 3.8 Snow and Ice Control (1 Point)

Description:

Michigan is one of the states that get heavy smowinters. The standard procedure to remove
snow or ice is by chemical treatment and plowingicBrs are applied to roadway to break up
frozen precipitation provide traction and easerulgeefforts. The most commonly used deicer in

Michigan is salt.

Intent:
To implement snow and ice control techniques taucedassociated impacts of snow and ice on

the bridge.

Requirements:

a) Implement snow and ice control plan including teghes to remove snow and ice from
bridges.

b) Implement management plan to monitor the quanfieacer applied.

c) Applying appropriate treatments or putting sensorshe bridge in order to track weather
and bridge conditions. Currently MDOT uses weatk&tions on some bridges. By
monitoring air temperature anti-icing chemicals banapplied prior to storm events or frost.
As long as anti-icing agents are applied beforebtidge deck freezes, deicing agents (such
as salt) will not have to be added immediately #redsnow and ice do not bond to the deck
surface, making cleanup easier.

d) Anti-icing measures should take place before thmwvsfalls and ice forms on the roadway.

Liquid form (brine) is generally used as anti-iciogemicals to road surfaces just before a
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snow or ice storm. “Liquid sodium chloride (Natd)the most effective choice for anti-icing
above 15° F (-9.4° C)” (Salt Institute, 2011)

e) Pre-wetting is effective method of spraying deicsajt as it assist in spreading less salt,
saving money and minimizing the threat to the emnmmnent. Also wet salt clings to the road
instead of bouncing off or being swept off by tir@afthereby saving the amount of salt.
Sodium chloride (salt) brine is a low-cost, effeetalternative to liquid calcium chloride as a

pre-wetting agent (Donahey & Burkheimer, 1996).

Scoring Criteria:
1 point will be awarded for making a snow and ioatool plan and using any one method to

implement the plan.

Standards/Resources:

e Operation and Maintenance Criteria 9- Snow andQoatrol, Sustainable Highways Self-

Evaluation Tool, FHWA, USDOT
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3.3 Quantifying the Green Rating System

A Delphi Survey conducted by another member ofrésearch group is used to assign weights
to category and point values to the criteria. Thtaiks of the survey can be found in the thesis
“Life Cycle Costs Analysis and Delphi Survey to AssSustainable Framework for Bridges in
Michigan” developed by Awan (2012). Based on treults of Delphi survey, scorecard for the

rating is developed which is shown in Table 3.7

Table 3.7: Scorecard for the Green Rating System

Scorecard

1. Design (47 Points)

. . Maximum
Criteria Criteria Name

Available Points
Criteria 1.1.1 Site Selection
Criteria 1.1.2 Historic Site Preservation 3
Criteria 1.1.3 Soil Erosion & Sedimentation Control 6
Criteria 1.1.4 Brownfield Redevelopment 2
Criteria 1.1.5 Storm-Water Management 5
Criteria 1.2.1 Use of Recycle Materials 5
Criteria 1.2.2 Supplemental Cementitious Materials 3
Criteria 1.2.3 Reduction in Quantity of Materials 3
Criteria 1.2.4 Material Reuse 2
Criteria 1.2.5 Regional Materials 3
Criteria 1.3.1 Renewable Energy Use 1
Criteria 1.3.2 Bicycle/ Pedestrian Pathways 2
Criteria 1.3.3 Lane Adaptability 1
Criteria 1.3.4 Life Cycle Cost Analysis 5
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Table 3.7 (cont'd)

Scorecard

2. Construction (31 Points)

. e Maximum
Criteria Criteria Name _ _
Available Points

Criteria 2.1 Accelerated Bridge Construction

Techniques
Criteria 2.2 Corrosion resistant steel reinforcement 8
Criteria 2.3 Efficient Water Use 2
Criteria 2.4 Non-road equipment emission reduction 2
Criteria 2.5 Construction Waste Management 4
Criteria 2.6 Use of Certified Wood

3. Maintenance (22 Points)
. e Maximum
Criteria Criteria Name _ _
Available Points

Criteria 3.1 Efficient Inspection Technologies

Criteria 3.2 Bridge Painting/Coating 6
Criteria 3.3 Bridge Cleaning 2
Criteria 3.4 Bridge Deck Drainage 2
Criteria 3.5 Avoiding and Minimizing Impacts to 1
Fish and Wild Life

Criteria 3.6 Corrosion Control Materials 3
Criteria 3.7 Bridge Deck Joints and Deck Joint Seals 4
Criteria 3.8 Snow and Ice Control 1
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3.4 Certification Levels

After assigning points to each criterion, the n&®p is to decide certification levels to categeriz
sustainable bridges. The methodology for deterngimertification levels is shown in Table 3.8.
Each criterion is determined whether it is easyinplement, difficult to implement or has
medium level of difficulty in achieving the criteci This was first determined by the discussion
of research panel. It was sent for further revieWwMDOT experts and the justification for its
level of difficulty to achieve has been then praddoy MDOT. The sum of points of easy to

implement, medium to achieve and difficult to aslei@vere found.
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Table 3.8: Certification Levels Determination

Level of Implementation

Available

Points Justification

Criteria Criteria Name

Easy Medium Difficult

Criteria
1.1.1
Criteria
1.1.2
Criteria
1.1.3
Criteria
1.1.4
Criteria
1.1.5
Criteria
1.2.1

Criteria
1.2.2
Criteria
1.2.3

Criteria
1.2.4
Criteria
1.25

Criteria
1.3.1

Site Selection

Historic Site Preservation
Soil Erosion & Sedimentatio
Control

Brownfield Redevelopment

Storm-Water Management

Use of Recycle Materials

Supplemental  Cementitiot
Materials
Reduction in Quantity o
Materials

Material Reuse

Regional Materials

Renewable Energy Use

3
2 4
2 3
1
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Bridge designers normally do not have a
choice in site selection.
Required by MDOT

Requirements “a”, “b” & “c” are
required. BMP's are optional

Usually avoided. MDOT does not want
to assume liability

Requirement “a” is optional

FHWA requires new materials to be
used in all new constructions. Has been
mandated in some pilot projects as
backfill

Dictated by the mix design

Deflection req. limit the beam shape so
we can choose higher strengths but may
not be able to reduce cross section
Again, FHWA limit materials to new

Existing supplier may be outside the
500-mile radius. Contractor choice and
not MDOT's

This is considered and applied where
feasible



Table 3.8 (cont'd)

Criteria
1.3.2
Criteria
1.3.3
Criteria
1.3.4

Criteria 2.1

Criteria 2.2

Criteria 2.3

Criteria 2.4

Criteria 2.5

Criteria 2.6

Criteria 3.1

Criteria 3.2

Criteria 3.3

Criteria 3.4

Criteria 3.5

Criteria 3.6

Bicycle/ Pedestrian Pathways
Lane Adaptability
Life Cycle Cost Analysis

Accelerated Bridge Constructic
Techniques

Corrosion resistant ste
reinforcement

Efficient Water Use

Non-road equipment emissic
reduction

Construction Waste Managemel
Use of Certified Wood

Efficient Inspection Technologie:
Bridge Painting/Coating

Bridge Cleaning

Bridge Deck Drainage

Avoiding and Minimizing

Impacts to Fish and Wild Life
Corrosion Control Materials
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Mandated to consider this in design but
not required to construct
Standard practice now

Standard practice now

SPMT work in Utah but so far unsuccessful
in MI. FHWA now mandates that 25% of
all bridges use ABCT

Epoxy coated rebar is required above
ground.

Gray water is not allowed in mix design so
this may be impossible to get.

Contractors choice

MDOT Spec 205.03P requires us to handle
all waste within right of way.

Not applicable

Standard practice now

Should receive 6 points if concrete beams
are used.

Required by MDOT

Required by MDOT

Use of anodes is standard practice.



Table 3.8 (cont'd)

Criteria 3.7  Bridge Deck Joints and Dec 2 2 4 Requirement “a” and “b” are MDOT policy.
Joint Seals
Criteria 3.8 Snow and Ice Control 1 1 Standard practice now
33 31 36 100

Total
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The score range are divided into in three majoelewhich are 0-33 which represents the lower
range, 34-64 which represents the middle range6&rt00 which represents the higher range.
The lower range and the higher range is furtheilddiv into two halves since some of the criteria
are easy to achieve and very basic component af dareélge design and construction project
and they are likely to achieve Certified level wegy project as any project can easily obtain at
least 1 or 2 points therefore, the certified lasdurther relegated to non-green level. Similarly,
in order to achieve complete sustainability in gadproject, the total green level to further
upgraded to Evergreen level. The certification lewaee shown in the Table 3.9.

Table 3.9: Certification Levels for Bridge Green Raing System

Certification Level Score Range
Non-Green 0-16
Certified 17-34
Green 35-64
Total Green 65-82
Evergreen 82-100
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CHAPTER 4

GHG EMISSIONS CALCULATION GUIDELINES BASED ON LCAM ETHODOLOGY

4.1 Introduction

The construction sector accounts for 131 Milliontmeetons of CO, equivalents (EPA, 2009).

The transportation sector is one of the biggestrimnors of Greenhouse Gas (GHG) emissions.
According to greenhouse report by Environmentaltddtmoon Agency (EPA), transportation
sector is responsible for 27% of GHG emissions0@2and is the second biggest contributor by
sector followed by Industrial sector, which is resgible for 32% of GHG emissions (EPA,
2008). Therefore, significant amount of GHG emissiare associated with the construction and
use of transportation infrastructure and this ledsState Department of Transportation Agencies
to take the challenge of global climate changeiandstigate strategies that reduce the life cycle
GHG emissions associated with transportation itrfnature which involves the design,

construction and maintenance of bridges (Mukhegj€zass, 2012).

California Environmental Protection Agency has adlhg developed a greenhouse gas emission
inventory that provides the estimate of the amafif@HG emissions associated with the various

activities. The inventory includes estimation ofigas gas pollutants such as Carbon-dioxide
(CO»), Methane (CH), Sulphur hexafluoride (S, Nitrous oxide (MO) etc. (California EPA,

2012). This study propose guidelines to measure @hri{3sions for bridge construction projects
with the aim to calculate the carbon footprint,idefl as a composite measure of all GHG

emissions expressed as equivalents of carbon @d@ndssions, and to develop a tool that can be

used to estimate and benchmark carbon footprintdifiolge construction projects. Cradle to
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Gate LCA approach is taken into account to estinth® emissions from raw material

acquisition, manufacturing and construction phds#fterent bridges.

4.2 Goals and Objectives

The goal of this section is to develop an LCA framek, which include guidelines for
determining carbon footprint associated with vasigiems in bridge construction projects that
can enable various transportation agencies to ataline framework and investigate various
strategies to reduce GHG emissions thus suppostirstginable decision-making. This would
allow them to consider such alternatives that red@HG emissions. The guidelines were

developed using the following objectives:

Objective 1 — Develop a construction inventory, ebhincludes list of materials and equipment
that can be used in bridge projects.

To accomplish this objective, list of materials aglipment that can be used in bridge project
were collected using MDOT construction plans aneécsjcations and from construction
inventory developed by Mukherjee & Cass (2011) domputing GHG emissions in highway

reconstruction and rehabilitation projects.

Objective 2 - Report estimated emission factorsafbthe materials and equipment.

Estimated emission factors were found out for tteelpcts based on literature review, reviewing

historical databases and using software tool “ShoiaP
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Objective 3 — Provide a tool to calculate the giardf GHG emissions due to materials and
equipment used in the bridge project.

Excel based tool is developed to calculate the tifieshof GHG emission from the products.
This tool is based on the web-based tool callegept@stimator developed by Mukherjee &
Cass (2011) for calculating GHG emission in highwegonstruction and rehabilitation projects.
This tool can be found at

http://www.construction.mtu.edu:8000/cass reporbage/estimator.html.

Objective 4 — Conduct a case study and compare @Hfssions based considering two

alternatives.

A case study is conducted which include a MDOT dpideplacement project. This case study is
used to compare GHG emission for two alternativedder decks — conventional concrete bridge

deck and the Fiber Reinforced Polymer (FRP) bruigek.

4.3 Building Blocks for Developing GHG Emission Calulation Guidelines

The building blocks for developing GHG emissioncciation guidelines shown in Figure 4.1
are research study “Carbon Footprint for HMA andGHRavements” most of the products and
emissions factors are obtained from product inwgntteveloped in this study; literature and
historical databases as these are used to obtassiem factors of some of the products and

software tool “SimaPro” as emission factors are alstained using this tool.
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Building Blocks for
Developing GHG
Emission Calculation
Guidelines ]
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Figure 4.1: Building Blocks for Developing GHG Emision Calculation Guideline:

a) Carbon Footprint for HMA and HCC Pavem

Mukherjee and Cass (2011) conducted this resedudy fand prepared a report for MDC

They proposed a project based life cycle assessfranework that can be used to estir

GHG emissions of typical highway reconstruction aatabilitation projectsThe aim of the

research study is to calculate the carbon footpfnHol-Mix Asphalt (HMA) and Portlan:

Cement Concrete (PCC) pavements for both reconstruand rehabilitation projects The

objectives stated in the research study

a) Report construadn inventories for 14 highway reconstruction, fahition and Capita
Preventive Maintenance (CPM) projects observed ay@riod of two summe

b) Report estimated emission factors for construatiaterials and equipment u:

c) Report estimated emissidactors for use phase of highw.

d) Provide contractors a tool to benchmark constraciiod rehabilitation projec
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e) Provide MDOT a tool to assess emissions through different life cycle stages of a

pavement (Mukherjee & Cass, 2012)

State Agencies and contractors can use it to eilB&lG emissions for specific construction

operations. These can be used to investigate otifigalternative materials or improvements in

construction processes to reduce their emissionsirh, this will encourage the adoption of low

emission products and techniques into practices thdirectly including other stakeholders such

as material suppliers and equipment manufacturiérs. framework was developed using the

following steps:

Data Collection Phase:

In this phase, data were collected from fourtedfeidint highway construction and maintenance

project sites in the state of Michigan to developoenprehensive project inventory of materials

and equipment. These projects included HMA and i@acreconstruction, maintenance and

rehabilitation projects. The data were collectedraduthe construction phase and use phase of

the pavement. The collection of this data was weryortant to know the materials, equipment

and processes involved to develop project inventBstimates of GHG emissions from these

products were calculated, taking advantage of tkistieg methods of calculating GHG

emissions. It accounts for emissions from the foilhg stages:

a) Extraction of raw materials or mining;

b) Manufacturing and production of the products (materand equipment used to construct the
pavement);

c) Off-road and On-road transportation of the products

d) Processes involved during the construction and t@aamce of the pavement
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e) Service life (use-phase of the pavement)

Motor Vehicle Emission simulator (MOVES), which B traffic simulation environment
developed by EPA, is used to estimate the use pragsions due to on-road vehicular traffic.
Excess emissions due to traffic delays and redwgmabds in construction zones are also

considered.

Emission factors were collected from existing htere, historical databases to estimate the
emissions from these products. EPA defines emisfactor as: “An emissions factor is a
representative value that attempts to relate tlaatify of a pollutant released to the atmosphere
with an activity associated with the release of h@lutant. These factors are usually expressed
as the weight of pollutant divided by a unit weigitlume, distance, or duration of the activity
emitting the pollutant (e.g., kilograms of partatd emitted per mega-gram of coal burned).
Such factors facilitate estimation of emissiongrfrgarious sources of air pollution. In most
cases, these factors are simply averages of allablea data of acceptable quality, and are
generally assumed to be representative of long-@verages for all facilities in the source

category (i.e., a population average)” (EPA, 2011).

Once emission factor is developed for a productsgions due to the product in a life cycle can
be calculated by multiplying the emission factor ity quantity. For example, if the emission

factor is .012 and 100 MT of asphaltic materialsed in the project. Then emissions due to

asphaltic material will be .012 X 100 MT = 1.2 MT 60Oy i.e. COy equivalent emissions of

asphaltic materials will be 1.2 MT/100 MT of magdriSimilarly, emission factor for other
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products can be developed and emissions can belateld. Once the emissions from all the
products and process are calculated these can rbeedl up to calculate the total project

emissions.

Inventory Development:
The data that were collected through the fourteejepts were organized into material and
equipment categories to develop a project invenfbing inventory would consist of product and

processes, their emission factors and other details

Analyzing the inventory and estimating project lifgcle GHG emissions:

LCA technigues were used to assess the environiemtacts of the products and processes.
Economic Input Output Life-cycle Assessment (EIOA)GHendrickson et al. 1998, Cicas et al.
2007) is one of the many methods used to assessoemental impacts. The principal
investigator in this research study uses this neetho his previous work to assess the

environmental impact associated with the produstsg@ocesses.

Hybrid LCA Methodology:

There are two ways to conduct an LCA a) input-outgased LCA, or b) a process based LCA.
Economic input-output based LCAs are based on en@ndransactions and resource
interactions between an exhaustive set of econeeitors. The Economic Input Output-Life
Cycle Assessment (EIO-LCA) is also used in the faybrodel. It is a model that defines the

scope and number of environmental effects quadtifiea LCA, developed at Carnegie Mellon
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University (Hendrickson , 2006). It estimates tlveremic contribution, resource requirements

and environmental emissions for a particular prodsgrvice, or activity.

In this study, in order to estimate the GHG for ralhterials and equipment inputs, an input-
output and/or process LCA tool is used to take athge of the most recent emission factors that
have been reported in the process LCA literatudeerwapplicable, as well as maximize the
advantages of an input-output LCA. In the modeg tBHG emissions are quantified as a

function of the construction and vehicle operationterms of material/fuel usage.

The emission factors used in this study are frootgss LCAS reported in literature. They have

been taken primarily from the Stripple (Strippl®12), Athena (AETHNA, 2006) and NREL
(NREL) inventories. These emission factors are lys@xpressed as Tons &fO, equivalents

per unit weight or volume. Therefore, given a butdume or weight of a material use on a

particular project, the emissions can be calculbtedsing the emission factors.

The proposed framework is based on process, prodactice (PPS) method which includes
different process and product components. Thiscggbr uses existing calculation methods of

GHG emissions but uses the data collected throogiteen highway construction projects.

Product Components:
All the materials that are listed in departmentt@dnsportation agency specification were
accounted for. Both virgin materials and recycleaterials were taken into consideration and

were accounted for during the mining, manufactuang transportation of the materials to and
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from the site phases. All the equipment that aexlua highway construction were taken into

consideration and accounted for emissions due tafaaturing, transportation, construction and

maintenance operations (Mukherjee & Cass, 2012)ekoh of these products, emission factors

were developed emissions can be calculated deggndithe quantity of these products.

Process Components:

It includes two components - the processes ontkde are directly involved in the highway

construction and maintenance operations, e.g..teati®n schedule and operation design; and
the processes that directly influence decisions laig-term pavement behavior, e.g.,

determination of maintenance schedules (Mukherj€za&s, 2012).

Service life components:
Since, it can be difficult to estimate, a traffimslation environment MOVES [35] was used to

estimate use phase emissions due to on-road vehicaiffic.

Implementation of web based tool to calculate GH@ssions of the products:
The Project estimator tool PE-2 is developed wisdmn easy to use interface to calculate GHG
emissions in a project. This tool can be accessed a

http://www.construction.mtu.edu:8000/cass repomrbpage/estimator.htmlfhe purpose of the

tool is:
1) Inventory Reporting:

User can query all relevant data collected andteseareport for the project.
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2) Benchmarking and Estimating:

PE-2 tool can be used at the project level to eggnand benchmark emissions. To benchmark
expected project emissions, use the bill of mdtedad estimated material and equipment use in
the project. At the end of the project, use PE-Bdnerate an emissions report using the actual
data collected. MDOT should encourage contracttreogh direct economic or equivalent
incentive) to reduce the actual project emissiomgerwcompared to the benchmark for the
project. Incentive plan can be generated for th@ractor’s efforts at reducing GHG emissions
during the project construction process. This cdaddhrough more efficient project site design

and schedule planning or using alternative magedating the construction process.

b) Literature and Historical Databases

Various historical databases are available to ges®on factors for calculating life cycle GHG
emissions from products. National Renewable Enémjyoratory (NREL) has developed a life
cycle inventory database to assess life cycle itsp&REL and its partners created the “U.S.
Life Cycle Inventory (LCI) database provides indiwal gate-to-gate, cradle-to-gate and cradle-
to-grave accounting of the energy and material $lomto and out of the environment that are
associated with producing a material, componentasgembly in the U.S” (NREL, 2012).
Various other databases such as life cycle invgrabPortland concrete, life cycle inventory of

steel and other products were accessed to detefahiaeemissions from those products.

Most of the emission factors in this study are aedgrom the research report “Carbon Footprint

for HMA and HCC Pavements” developed by Amlan Mukée and Darrell Cass. Emission

factors of all the equipment are adopted from itlgsort.
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c) SimaPro

SimaPro is one of the LCA tool and is most widedgd in the industry. SimaPro is used in this

study to calculate emission factor of some of tredpcts that can be used on bridge projects.
Cradle to Gate LCA is performed using SimaPro atiogrto International Standard ISO 14040

i.e. it includes all the four phases, which arecdbsd before. These are goal and scope
definition, life cycle inventory analysis, impacssessment and interpretation. Environmental
performance is generally measured in terms of aewmhge of potential effects, such as

(Carmody & Trysty, 2005) Fossil fuel depletion, &tmon-renewable resource use, Water use,
Global warming potential, Stratospheric ozone d#pte, Ground level ozone (smog) creation,

Nutrification (excess nutrients)/eutrophication Yg&n deficiency) of water bodies ,

Acidification and acid deposition (dry and wet)gXIc releases to air, water, and land.

All of these measures are indicators of the enwemntal loadings that can result from the

manufacture, use, and disposal of a product. Sima&Pused in this study to calculate total

cradle to gateCO, equivalent releases of different products. The riv@onal standard

organization ISO 14040 and ISO 14044 has devele@gp&dmework and guideline on how to

conduct an LCA. SimaPro is organized accordingS0 [14040 and ISO 14044 guidelines for

conducting LCA shown in Figure 4.2. The followinggps are defined in conducting an LCA

(ISO 14040, 2006; ISO 14044, 2006):

a) Defining goal and scope of the study;

b) Development of an exhaustive inventory of all gyerand material inputs, and the
environmental outputs and emissions associatedeaith life cycle phase;

¢) Analysis of impacts of inputs and outputs ideatfin the inventory analysis on humans and
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ecology, and;

d) Appropriate interpretation of the analysis to supgpolicy and decision- making.

l(& ‘C:\Documents and Settings\All Users\Documents\SimaPro\Database\s
[C] File Edit Calculate Tools  ‘Window  Help

@ t&|sBE|l2eo %Y wal
= Processes Marne
= Material Cattle feed from corn
- Agricutural
[= &nirmal production
. Animal foods
" Plant procuction
< Ceramics
[+ Energy
[+ Transport
[+ Processing
[+ Use
[+ VWaste scenario
[+ Waste trestment
£ I
(o Time period
o Feography
S Tarkhrwlmeas

Figure 4.2: SimaPro Organization(The text is not meant to be readable, but foralisu

reference only)

All the general decisions regarding the LCA study defined in the goal and scope phase. The
reason for the study and the overall goal of thalstis defined in this stage. The product
description and all the assumptions are also destriSystem boundaries, impact categories,

data quality, methodology are also described irgtied and scope definition phase. It also needs
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to be decided that what is included and what isuebedl from the product system and whether all

or part of the product life cycle is taken into #eount.

In the Life Cycle Inventory (LCI) phase shown ig&ie 4.3, all the processes are defined in
each life cycle phase and energy and material snpatl environmental emission outputs are
determined and included. The outputs can be aisgamns, water pollutants, solid wastes and
other releases. The inputs and outputs can bendett through an exhaustive data collection
procedure. Quantitative and qualitative data foergvprocess in the system can be collected
through site visits, commercially or publicly awble databases or through the collection of
secondary data from literature. The LCI databasedil the material and energy inputs and

outputs.

The LCI result allows calculating potential impaofsa product system on humans and ecology.
This impact assessment method is known as LifeeClapact Assessment (LCIA). There are
four steps in calculating LCIA, which are Classfion, Characterization, Normalization and
Evaluation. The last two steps are optional. Eadpwt is classified into one or more impact
categories. Impact categories can be Global Warniotential (GWP), Fossil Depletion,
Freshwater Eutrophication, Ozone Depletion, and€ebtnial Acidification etc. Therefore, the
issue of Global Warming is represented by the GVéRegory. Any emission to air that

contributes to global warming is classified as gbators to GWP. The quantity of each of these

pollutants is then converted to quantity of €O, by multiplying their quantities by a

characterization factor (these factors are detexdhioy different scientific groups and different
methodologies, most commonly impact category meilugy is Tools for the Reduction and

Assessment of Chemical and other Environmental ¢tsp@f RACI) (EPA, 2012) in USA) to

98



determine theiCO, equivalent if eqCOs is the reference unit of the impact category. dtal

guantity of CO» equivalent can be calculated for the impact categbhis study is focused on

determining the GHG emissions in termsQd, equivalent thus determining the GWP of the

product system.
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The last step, which is interpretation of the ressshown in Figure 4.4 and Figure 4.5, has great
significance as it can be used to determine ther@mwental hotspots and conclusions. These

can be used to support policy and decision-makiigure 4.6 to Figure 4.13 and Table 4.1

shows the results obtained from SimaPro. It shoveslle to gateCO eq. emissions from

different products. Table 4.2 list emission factofsll the materials.
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Figure 4.5: Impact Assessment Phagd he text is not meant to be readable, but foraliseference only)
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Figure 4.6: Cradle to Gate Analysis of 1-Ton Portlad Cement (Pre-Consultants, 2012)
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Figure 4.7: Cradle to Gate Analysis of 1-Ton BlasEurnace Slag Cement (Pre-Consultants,
2012)
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Figure 4.8: Cradle to Gate Analysis of 1-Ton Concite Block (Pre-Consultants, 2012)
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Figure 4.9: Cradle to Gate Analysis of 1-Ton Sandime Brick (Pre-Consultants,
2012)
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Figure 4.10: Cradle to Gate Analysis of 1-Ton Polyppylene Fibers (Pre-Consultants,
2012)
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Figure 4.11: Cradle to Gate Analysis of 1-Ton LighClay Brick (Pre-Consultants, 2012)
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Figure 4.12: Cradle to Gate Analysis of 1-Ton LateXPre-Consultants, 2012)
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Figure 4.13: Cradle to Gate Analysis of 1-Ton Plag Materials and Resins (Pre-
Consultants, 2012)

Table 4.1: Emission Factors Obtained Using SimaPr@Pre-Consultants, 2012)

Product Unit Emission Factor (MT eq. CO)

Portland Cement Ton .928
Blast Furnace Slag Cement Ton 522
Concrete Block Ton 121
Sand Lime Brick Ton A3
Polypropylene Fibers Ton 2.33
Light Clay Bricks Ton 161
Latex Ton 2.63

Plastics and Resins Ton .00168
Portland Slag Cement Ton 776
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4.4 GHG Emissions Calculation Guidelines

In order to develop LCA guidelines for the bridgdse framework described above can directly

be used. The following steps can be followed forcdracting LCA of bridges and determining the

carbon footprint:

a)

b)

Use bill of materials to determine all the mateyied be used on the project. Also determine
all the construction equipment to be used, themlper and estimated hours of usage.

Use the emissions estimating tool (refer to thenfdr xIsx) to calculate the emission from
the products. This tool is based on Project Esbmadibol PE-2, which can be found at

http://www.construction.mtu.edu:8000/cass_reporbpage/estimator.ntm{(Mukherjee &

Cass, 2012) to determine life cycle GHG emissidDsadle to Gate) associated with the

materials and equipment to create benchmark emsssibthe project.

The excel file has two sheets. Material emissiotimador calculates the emission from
materials and Equipment emission estimator calesléte emissions from the equipment.
The material and equipment categories were orgdneamcording to MDOT pay-item

specifications. A separate category “Other” is aisoluded in the Material emissions

estimator, which list the recommended sustainatddycts from the framework.

Use material estimator show in Table 4.2 for caltn GHG emissions from various

materials. Input the quantity of materials corregpog the material selected to determine

emissions from that material.
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Use equipment estimator from the project estim&atot developed by Mukherjee & Cass
(2011) for calculating GHG emissions from variouglipment. It is required to enter the
number of equipment and the estimated hours ofeusghe equipment corresponding to
the equipment of selected to calculate GHG emissistom that equipment. All the
emissions will sum up which will be the benchmamkigsions for the project. At the end of
the project, use emission estimator tool to geresatemissions report using the actual data
collected. MDOT should encourage contractors (thhodlirect economic or equivalent
incentive) to reduce the actual project emissioherwcompared to the benchmark for the
project (Mukherjee & Cass, 2012). Investigate styags to identify alternative products and
processes to reduce GHG emissions of products, hwhave higher GHG emissions.
Determine all the recommended solution and altamagiroducts that can be used on the
project.Calculate the GHG emissions of all thelfpr@ducts that will be used and know the
carbon footprint of the sustainable bridge projdable 4.3 is a material estimator which
calculates the cradle to gate emissions from naserfhe sum of emissions in the last row

is the emission due to unit quantity of all the enis.
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Table 4.2: Material Estimator

Cradle to Gate Emissions

Emissions (MT COp
Eq.)

Material Quantity  Emission Factor Remarks/Details

Section 901 (Cement and Lime)
Portland Cement (Pre-Consultants, 2012)
Fly Ash Ton 1 0.0177 0.0177 (Mukherjee & Cass,
2011)

Blast Furnace Slag Cement (Pre-Consultants, 2012)

Natural Aggregates (Mukherjee & Cass,
2011)
Aggregates 21A Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)
Aggregates 21AA Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)
Aggregates 21AA Crushed Concretci e]j! 1 0.0021 0.0021 (Mukherjee & Cass,
2011)
Aggregates 22A Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)
Aggregates 22A Crushed Concrete Ton 1 0.0021 0.0021 (Mukherjee & Cass,
2011)
Aggregates 22A (For Temp Use Ton 1 0.0061 0.0061 (Mukherjee & Cass,
Only) 2011)
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Table 4.2 (cont'd)

Aggregates 23A

Material
Aggregates 23A Carol Pit 11-077
Aggregates 23A (For Temp Use
Only)

Aggregates 23A (Reed Pit A 11-085
Aggregates 25A
Aggregates 29A
Aggregates 2FA
Aggregates 34R
Aggregates 3FA

Aggregates 4G

Aggregates 4G Modified Crushed
Concrete
Aggregates 4G Modified Limestone

Aggregate 6A

Aggregate Coarse CS-2

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Unit Quantity  Emission Factor Emssmgz gMT CO, Remarks/Details

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0021 0.0021 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)

Ton 1 0.0061 0.0061 (Mukherjee & Cass,
2011)
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Table 4.2 (cont'd)

Fine Aggregate 2fa
Fine Aggregate 2FA
Flowable Fill

Granular Material

Granular Material CL Il

Material
Granular Material CL III
Granular Material CL IlIA
Granular Material CL Il Modified
Granular Material CL Il Newark
Granular Material CL Tri City
Granular Material CL (Ton)

Pulverized HMA

Sound Class Il (D) for Underdrain

Sound earth

Ton
Ton
Cyd
Cyd

Cyd

Unit
Cyd
Cyd
Cyd
Cyd
Cyd
Ton
Ton
Cyd

Cyd

0.0061

0.0061

0.0001

0.0001

0.0001

Emission Factor

0.0001

0.0001

0.0001

0.0001

0.0001

0.00006

0.0049

0.0001

0.0001

0.0061
0.0061

0.0001
0.0001

0.0001

Emissions (MT COp
Eq.)
0.0001

0.0001
0.0001
0.0001
0.0001
0.00006
0.0049
0.0001

0.0001

(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)

Remarks/Details

(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)

115



Table 4.2 (cont'd)

Section 903 (Admixtures and Curing Materials for Cmcrete)
White Membrane Curing Gal 1 0.01255 0.01255 (Mukherjee & Cass,
Compound for Bridge Decks 2011)
Non-Chloride Accelerator Cft 1 NanoMT NanoMT (Mukherjee & Cass,
2011)
Latex Admixtures Ton 1 2.63 2.63 (Pre-Consultants, 2012)
Polypropylene Fibers Ton 1 2.33 2.33 (Pre-Consultants, 2012)
Section 904 (Asphaltic Materials)

Asphalt Binder PG 58-28 Ton 1 0.1569 0.1569 (Mukherjee & Cass,
2011)
Emulsified Asphalt Gal 1 0.0071 0.0071 (Mukherjee & Cass,

2011)

Emissions (MT COp
Eq.)
0.0071

Material Unit Quantity  Emission Factor Remarks/Details

Emulsified Asphalt CSS-1hM Gal 1 0.0071 (Mukherjee & Cass,

2011)
Ashpalt emulsion Chip Seal Gal 1 0.0071 0.0071 (Mukherjee & Cass,
2011)
Asphalt Emulsion CSS-1hM Gal 1 0.0071 0.0071 (Mukherjee & Cass,
2011)
Asphalt Emulsion CSS-1mM Gal 1 0.0071 0.0071 (Mukherjee & Cass,
2011)
Asphalt Emulsion HFRS-2M Gal 1 0.0071 0.0071 (Mukherjee & Cass,
2011)
Asphalt Emulsion RC-250 Gal 1 0.0071 0.0071 (Mukherjee & Cass,
2011)
Section 905 (Steel Reinforcement)
Dowel Bar Ea 1 0.001627 0.001627 (Mukherjee & Cass,
2011)
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Table 4.2 (cont'd)

Dowel Bar Epoxy Coated Ea 1 0.001627 0.001627 (Mukherjee & Cass,

Steel Reinforcement Lbs 1 0.0003 0.0003 (Mukhezggi)& Cass,
Steel Reinforcement Epoxy Coated Lbs 1 0.0003 0.0003 (Mukzh(()alrjle)e & Cass,
Lane Ties Epoxy Coated Ea 1 0.01512 0.01512 (Mukhezggi)& Cass,
Load Transfer Device Ft 1 0.006 0.006 (Mukﬁg:rlji)e & Cass,
Steel Reinforcement Cable Barrier- Lbs 1 0.003 0.003 (Mukhezggi)& Cass,
C Slagter 2011)

Steel Sections (Mukherjee & Cass,
2011)
Hot Rolled-Coil Steel Ton 1 0.002 0.002 (Mukherjee & Cass,

2011)

Emissions (MT COp
Eq.)

Material Emission Factor Remarks/Details

Hot-Dip Galvanized Steel (Mukherjee & Cass,
2011)
Steel Sheet Piling St 1 0.0589 0.0589 (Mukherjee & Cass,
2011)
Beam Plate Sealant Sherwin Wili Tube 1 0 0 (Mukherjee & Cass,
1550A 2011)
Guardrail Anchorage Bridge Ea 1 0 0 (Mukherjee & Cass,
2011)
Structural Steel Cft 1 NanoMT 1 (Mukherjee & Cass,
2011)
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Table 4.2 (cont'd)

Structural Steel Pin and Hangers

Barbed Wire
Fence Chain Link (ft)
Fence Gate Chain Link
Fence Post Chain Link Corner
Fence Post Chain Link Line
Fence Post Steel
Fence Post Steel Woven Wire
Fence Post Wood
Protective Fence

Fence Woven Wire

Cft 1 0 0 (Mukherjee & Cass,

2011)
Section 907 (Fencing Materials)

Cft 1 NanoMT NanoMT (Mukherjee & Cass,
2011)

Ft 1 0.0092 0.0092 (Mukherjee & Cass,
2011)

Cft 1 NanoMT NanoMT (Mukherjee & Cass,
2011)

Ea 1 0.0722 0.0722 (Mukherjee & Cass,
2011)

Ea 1 0.0722 0.0722 (Mukherjee & Cass,
2011)

Ea 1 0.0722 0.0722 (Mukherjee & Cass,
2011)

Ea 1 0.0722 0.0722 (Mukherjee & Cass,
2011)

Ea 1 0.0066 0.0066 (Mukherjee & Cass,
2011)

Ft 1 0 0 (Mukherjee & Cass,
2011)

Ft 1 0.0092 0.0092 (Mukherjee & Cass,
2011)
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Table 4.2 (cont'd)

Emissions (MT COp
Eq.)

Remarks/Details

Material Unit Quantity  Emission Factor

Section 908 (Miscellaneous Metal Products)
Anchor Bolts NanoMT

NanoMT (Mukherjee & Cass,

2011)
Bushings Ea 1 0 0 (Mukherjee & Cass,
2011)
Steel Beam Guardrail Ft 1 0.0656 0.0656 (Mukherjee & Cass,
2011)
Gaurdrail Approach Terminal 1 B Cft 1 NanoMT NanoMT (Mukherjee & Cass,
2011)
Gaurdrail Approach Terminal 1 T Ea 1 0 0 (Mukherjee & Cass,
2011)
Gaurdrail Approach Terminal 2 B Cft 1 NanoMT NanoMT (Mukherjee & Cass,
2011)
Gaurdrail Approach Terminal 2 T Cft 1 NanoMT NanoMT (Mukherjee & Cass,
2011)
Gaurdrail Reflectorized Washers Ea 1 0 0 (Mukherjee & Cass,
2011)
Sleeve Steel Ea 1 0 0 (Mukherjee & Cass,
2011)

End Section Concrete (Mukherjee & Cass,
2011)
End Section Metal Ea 1 1.1995 1.1995 (Mukherjee & Cass,
2011)
End Section Grate Lbs 1 0.0003 0.0003 (Mukherjee & Cass,
2011)
Pipe CI A Ft 1 0.1464 0.1464 (Mukherjee & Cass,
2011)
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Table 4.2 (cont'd)

Pipe CIE Ft 1 0.1464 0.1464 (Mukherjee & Cass,
2011)

Pipe Concrete Ft 1 0.0663 0.0663 (Mukherjee & Cass,
2011)

Emissions (MT COp
Eq.)
0.1464

Material Unit Quantity  Emission Factor Remarks/Details

1 0.1464

Pipe Steel Ft (Mukherjee & Cass,

2011)
Pipe Plastic Ft 1 0.0259 0.0259 (Mukherjee & Cass,
2011)
Pipe RCP Ft 1 0.0663 0.0663 (Mukherjee & Cass,
2011)
Pipe Perforated Underdrain Ft 1 0.0004 0.0004 (Mukherjee & Cass,
2011)
Pipe Non-Perforated Underdrain Ft 1 0.0004 0.0004 (Mukherjee & Cass,
2011)
Pipe Corrugated Ft 1 0.0259 0.0259 (Mukherjee & Cass,
2011)
Expansion Joint Device Ea 1 0 0 (Mukherjee & Cass,
2011)
Section 910 (Geo-synthetics)
Biaxial Geogrid 1 0.0013 0.0013 (Mukherjee & Cass,
2011)
Geotextile Blanket 1 0.0013 0.0013 (Mukherjee & Cass,
2011)
Geotextile Liner 1 0.0013 0.0013 (Mukherjee & Cass,
2011)
Geotextile Separator 1 0.0013 0.0013 (Mukherjee & Cass,
2011)

Section 912 (Timber and Lumber)
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Table 4.2 (cont'd)

Guardrail Post Wood

Wood Post

Post Wood Guard

Material

Clay Brick
Concrete Brick

Concrete Block
Sand Lime Brick

Fiber Joint Filler
Hot Poured Joint Sealant
Foam Backer Road
Epoxy Resin Adhesive

Waterproofing Membrane
Preformed

Cobblestone

Fabric

Cft

Cft

Cft

Unit

1

1

1

Section 913 (Masonry Units)

Quantity

Emission Factor

NanoMT

NanoMT

NanoMT

NanoMT

NanoMT

NanoMT

Emissions (MT COp

Eq.)

Ton 1 0.161 0.161
Ea 1 0.0014 0.0014
Ton 1 0.121 0.121
Ton 1 0.13 0.13
Section 914 (Joint and Waterproofing Materials)
Sft 1 0.0015 0.0015
Lbs 1 0.0006 0.0006
Ft 1 0.0001 0.0001
1 1
Syd 1 0.0094 0.0094
Section 916 (Erosion and Sedimentation Control Matels)
Syd 1 0.0172 0.0172
Cft 1 NanoMT 1

(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)

Remarks/Details

(Pre-Consultants, 2012)

(Mukherjee & Cass,
2011)

(Pre-Consultants, 2012)

(Pre-Consultants, 2012)

(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)

(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
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Table 4.2 (cont'd)

Plain Rip Rap

Silt Fence

Fertilizer Chemical Nutrient

Mulch

Material
Mulch Blanket
Mulch Tackifier
Seeding
Seeding Mixture
Sod
Tack
Tackifier
Topsoil 4in.

Turf Reinforcement Mat

Syd

Ft

Lbs

Ton

Unit
Syd
Gal
Lbs
Lbs
Cft
Gal
Gal
Cft

Syd

Section 918 (Electrical and Lighting Materials)

1

1

1

1

Quantity

1

1

1

1

0.0172

0.0008

Section 917 (Turf and Landscaping Materials)

0.0008

0

Emission Factor

0.0008

0

0.001

0.001

NanoMT

0

0

NanoMT

0.0008

122

0.0172

0.0008

0.0008

0

Emissions (MT COp

Eq.)
0.0008

0
0.001
0.001

NanoMT

NanoMT

0.0008

(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)

(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)

Remarks/Details

(Mukherjee & Cass,
2011)
(Mukherjee & Cass,

2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)



Table 4.2 (cont'd)

Conduit Cft 1 NanoMT NanoMT

High Intensity Light Ea 1 0 0

Section 919 (Permanent Traffic Sign and Support Madrials)
Reflective Sheeting Material Cft 1 NanoMT NanoMT

Dileneator Reflector Cft 1 NanoMT NanoMT
Temporary sign St 1 0 0
Sign Cover Ea 1 0 0

Section 920 (Permanent Pavement Marking Materials)
Pavement Marking Glass Beads Lbs 1 0.0004 0.0004

Pavement Marking Poly Blend- Lbs 1 0.0004 0.0004
Glass Beads

Pavement Marking Polyurea Gal 1 0.059 0.059

Pavement Marking Polyurea White Lbs 1 0.0071 0.0071

Pavement Marking Polyurea Yellow Lbs 1 0.0071 0.0071

Reflective Marker Cft 1 NanoMT NanoMT

Thermoplastic Lbs 1 0.0071 0.0071

(Mukherjee & Cass,

2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
(Mukherjee & Cass,
2011)
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Table 4.2 (cont'd)

Concrete Barrier Temporary Ea 1 0 0 (Mukherjee & Cass,
2011)

Drum Plastic Ea 1 0 0 (Mukherjee & Cass,
2011)

Other Products

Stainless Steel Ton 1 0.00151 0.00151 (ISSF, 2010)
Plastic Materials and Resins USD 1 0.00168 0.00168 (Pre-Consultants, 2012)
Portland Slag Cement Ton 1 0.776 0.776 (Pre-Consultants, 2012)
Precast Concrete (Mix 1) Ton 1 0.49 0.49 (Marceau et. al., 2007)
Precast Concrete (Mix 2) Ton 1 0.43 0.43 (Marceau et. al., 2007)

Sum of Emissions
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4.5 Case Study

4.5.1 Overview

GHG emission tool developed in the study can bel usecompare different alternatives and

choose the best one which has the lower GHG emissidMDOT provided the research team

with bidding documents and data on different bradgeMichigan, to calculate GHG emissions

from the products and find out the best alternatorethe bridge superstructure. These bridges
either require repair/ rehabilitation or replacemenGHG emissions were calculated from

alternatives on a concrete bridge to evaluate ulseamability of superstructure. This case study
compares two bridge decks one using conventionatrete bridge deck and the other using

Fiber Reinforced Polymer (FRP) bridge deck.

4.5.2 Structure Description

The structure considered is located on 1-96 EB @nge Road in Clinton County, 3.5 miles

southeast of lonia. The bridge needs superstrucapi@cement. The structure must be able to
carry the loads prescribed in AASHTO HS-20 speatfans, and it must last at least 75 years.
The further details of the structure were foundTable 4.3 using National Bridge Inventory

(NBI) website (NBI, 2012).
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Table 4.3: Case Study-Bridge Structure Details

Description Details

NBI Structure Number 0000000000001789

Route Sign Prefix Interstate

Year Built 2007

Record Type Roadway is carried ON the
structure

Service On Bridge Highway

Service Under Bridge Highway, with or  without
pedestrian

Latitude 42 48 47.16 N

Longitude 84 47 18.90 W

Material Design Pre-stressed concrete

Design Construction Stringer/ Multi-beam or Girders

Structure Length 37.5m

Approach Roadway 13.4m

Width

Lanes on Structure 2

Average Daily Traffic 19469

Year of Average Daily 2007

Traffic

# of Spans in Main 3

Structure

Structural Evaluation Better than present mini criteria

Sufficiency Rating 95.2 %

4.5.3 Design Alternatives
This case study considered two alternatives: Tdde below shows a comparison between
conventional concrete mix and alternative blastdice slag cement concrete mix.

Table 4.4: Case Study-Design Alternatives

Alternatives Details

Base Case: Conventional Concrete Bridge Deck
Concrete Mix Bridge Deck Concrete Mix Ratio 1:2:4
Alternative Case: FRP Bridge Deck
Fiber Reinforced Polymer Composition: Glass Fibers
(FRP) Bridge Deck Epoxy Resins
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4.5.4 Methodology
Two stages are considered in the study:
(a) Demolition of the existing bridge superstruetur

(b) Construction

Within each stage, three sources of carbon emissimmconsidered:
(a) Embodied carbon of any new materials/products
(b) Transportation of waste to landfills and tramsation of products to site

(c) Traffic diversions

4.5.5 GHG Emission Calculation

1. Cradle to Gate GHG Emission due to MaterialsiBcts

Table 4.5: Case Study: GHG Emission from Materials

(Conventional Concrete Bridge Deck)

Material Quantity Emission Factor Emissions

Portland Cement Ton .928
Aggregates Ton .0061
Reinforcement  Lbs. .0003
Steel

(FRP Bridge Deck)

Epoxy Resin

GRP

Asphalt
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2. Emissions due to transportation of waste to larfdls and transportation of new products
a) Emissions due to transportation of waste to lalsdfil
Table 4.6: Case Study: GHG Emissions from Transpostion

Material Type of Transportation  Emissions

Transport Distance

b) Emissions due to transportation of products to site

Table 4.7: Case Study: GHG Emissions from Transpodtion

Material Type of Transportation  Emissions
Transport Distance
Concrete Bridge Deck
Cement
Aggregates
Reinforcement
steel
FRP Bridge Deck
FRP Deck
Panel
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3) Emissions due to traffic diversions

Table 4.8: Case Study: GHG Emissions from Diversion
Type of Period of Length of Average Daily Emissions |

Construction Disruption Diversion Traffic Volume
Convention 19469

Concrete Bridge

Deck

FRP Bridge Deck 19469

Construction

4.5.6 Results

The emissions due to material are calculated basesinission factor method as shown in Table
4.7. The emissions can be obtained by multiplyimg quantity of materials by the emission
factor. The emissions due to transportation carcdleulated by knowing the transportation
distance of landfill from the site, type of transipand the total distance travelled. It is required
to determine the emissions due to vehicle trawgllumit distance. The emission due to
transportation can then calculated by multiplyihg total distance travelled by unit value of
carbon emissions. Emissions due to diversion dficrean be calculated as Length of diversion
X Avg. daily traffic volume X Unit value of carboamissions X Period of disruption from

vehicles. EPA’'s MOVES (Motor Vehicle Emission Siratdr) (EPA, 2012) can be used to

estimate unit value of carbon emissions from velsicl

4.6 LCA Matrix for the Framework
The LCA matrix shown Figure 4.14 to 4.18 shows tiviich criteria in the framework is

impacted by LCA and which tools or metrics can Beduto assess the environmental impacts
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due to that criteria. The criiar of the framework can be evated using LCA matrix t

determine the impact of each criteria. The fadtat €ach value represent is shown in Table
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Table 4.¢: LCA Matrix Legend

5 10 15 |
Impacted by LCA Not impacted by Impacted by LCA NA
LCA
Metrics/Tools NA SimaPro Excel based to
Sustainability Criteria  Economit Social Environmente
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CHAPTER 5

RESULTS/CONCLUSIONS/LIMITATIONS AND RECOMMENDATIONS FOR

FUTURE WORK

5.1 Results and Conclusions

The focus of this report was to develop a framewhbet will assist transportation engineers and

managers develop more sustainable design and gotistr processes for new bridges, and

sustainable maintenance practices for existinggesdAs a result of this study, following results

were obtained:

a)

b)

d)

Sustainable practices were synthesized which carsée in bridge construction projects.

A framework is developed to implement sustainalilategies in bridge projects. The
framework includes a Green rating system, whicldiigded into three major categories,
Design, Construction, and Maintenance. The detdihe design category can be found in
MS thesis completed by Awan (2012), which is basedhe research work for MDOT titled
as “Implementation of Sustainability in Bridge Dgsi Construction and Maintenance
(MDOT, 2012). The construction and maintenanceicestare further divided into various
criteria. For each criterion the description, iritemd requirements have been established.

A scorecard for the rating system is developed dasethe results of the Delphi Survey
conducted by Awan (2012) at MDOT divisions. It @ihd that Design category carries 47%
weightage, construction category carries 31% wamghtand maintenance category carries
22% weightage.

Certification levels are developed to categorizstanable bridges. The certification levels
are Non-Green, Certified, Green, Total Green andr@een. The score range for these

certification levels are 0-16, 17-34, 35-64, 65a8@ 83-100 respectively.
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e)

f)

Guidelines were developed to estimate cradle te GG emissions from materials and
GHG emissions from construction equipment in the pilsase and can be used to evaluate
the framework.

Excel based tool is developed which consist of madteestimator to compute GHG
emissions from materials and equipment estimatorcampute GHG emissions from

equipment.

5.2 Research Limitations

a)
b)

c)

d)

f)

The research uses the term green and sustainélehangeably.

The research study mainly focuses on environmenthinability.

The framework developed is mostly related to thddas in Michigan as feedback is taken
only from Michigan Department of Transportation. w&ver, the framework can also be
used by other DOT by modifying the framework oruiegments of the criteria to meet their
own conditions and needs.

Life cycle Assessment methodology is focused tessglobal warming impact potential and
ignores other impact categories.

Survey results are used to quantify the ratingesysand do not use scientific LCA approach.

Estimated emission factors may have been takeng wsihdatabases and records.

5.3 Recommendations for the Future Work

1. Framework can be updated based on different requinments.

This framework has been developed based on feedbatkMDOT. Some of the criteria like

snow and ice control may not be required for oD&T, therefore that criteria can be excluded
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from the framework. Similarly, other criteria mag ncluded in the framework. Requirements

of criteria can also be modified by other DOT toetdeir own conditions and needs.

2. Quantify the rating system using scientific LCAapproach.

In this study, the survey results were used to tifiyathe rating system i.e. assigning point
values to all the criteria. In this study, caselss were not used to perform complete LCA of
bridges due to lack of time and data availabilibystraints. With the use of LCA software, it is
required to add each process associated with é@chylcle stage. It is also required to enter
inputs and outputs for each process. This requaege collection of data. This is very time
consuming process and also due to data availabddgstraints complete LCA was not
performed to quantify the rating system. It is mooended to use LCA approach to quantify the
rating system. For this it is required to conduet Bridge case studies and perform a complete
LCA of those bridges. Then, it is required to asdeg overall relative environmental impact of
each criterion of the framework on the environmérttis will help in assessing the overall
impact of each criterion across all the impactgates. Then the points should be distributed to

the criteria according to the overall impact thayé on the environment.

3. Apply the rating system on 20-30 bridges and adst the certification levels.

It is possible that most of the bridges may eaadlgieve the green certification level or most of
the bridges may not achieve it. Therefore it isremended to apply the rating system on 20-30
different bridges and adjust the certification levén this study, rating system was not applied
on 20-30 different bridge case studies as due &dickme and data availability constraints.

Methodology for determining certification levels eds in GreenLITES rating system for
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highways developed by NYSDOT can be used. In omdeset a baseline, statistical thresholds
can established for each certification level (lgngard deviation from the mean). Certification
levels can be determined by dividing all projeatrss into thirds representing low, middle, and
high levels of environmental sustainability. Thevé third of all projects did not receive
certification, the middle third ar€ertified, and the upper third can be further subdivided into
Green, Total GreergndEvergreenwith progressively increasing requirements foriatteent to

each successive level (NYSDOT, 2008).
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