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Abstract

Based on inspection reports provided by MassHighway Bitimont StreéRoute 9 Bridge has

three bridge components deemed deficient . The deck slabysgiraied columns were +e
designed using AASHTO specifications and LRFD design. Additionally, sustainable bridge
design aspects were examined including alternative building materials, maintenance protection,
stormwater management, and transportation anchiplaaning. Lastly, a lifeycle cost analysis
considering the relesigned bridge components and maintenance was conducted and a
sustainable bridge guideline for future bridge design projects was created.
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Capstone Design Statement

In fulfillment of the Major Qualifying Project, it is also necessary to complete a capstone.design
According to the Accreditation Board of Engineering and Technology (ABET) under General
Criterion 4, Afstudents mu s t be preparmed for
culminating in a major design experience based on the knowledge and skills acquired in earlier
course work and incorporating engineering standards and realistic constraints that include most

of the considerations: economic; environmental; sustainabiiyufacturability; ethical; health

ands af et y; S 0 c i &iiteria farnAdcregitmd Engineeringl Rvograms, 2Q07n
compliance with this requirement,the project will consider economicgnvironmental,

sustainabilly, constructability ethical,andhealth and safety constraints

Economic

Since the amount of funding for projects is limited, the design elements of a construction project
should be both practical and affordable order to ensure that the projetays within budget,

the types of materials that are going to be used and the cost of construction will be assessed
The project team will conduct a l#eycle cost arnlgsis of building materials t@xamine typical

costs associated with bridge constroicti

Environmental

In recent years, environmental impacts have become an increasing concern, especially in the
field of engineering and constructionlt is becoming more of a necessity to protect the
surrounding natural environmental to prepare for stasnable future In doing so, the project

team will consider the use of recyclable materials that can be incorpamabedige designs

Often materials such as concrete and steel can be salvaged from the demolition of existing
structures and reused a new design or rehabilitation operatiomhe project team will also

provide appropriate stormwater management solutions based on the surrounding environment.

Sustainability
Sustainable design is an innovative practice which is necessary to promotenecgrowth
while conducting practices that benefit the environmamshen considering sustainability, the



project team plans to analyze the expected life span of the bridge, as weluds innovative
sustainablealternatives to reduce the carbon foott. This will be accomplished by
investigating beneficial stormwater management practidedditional sustainable aspects that
will be explored includehe feasibility of various maintenance systems @neduse of recycled

adaptations of traditionaldding materials such as recycled steel and concrete

Constructability

Constructability is a standard which defines the feasibility and ease of constructing a design
Such a standard is dependent upon the cost, labor, and availability of matdrigsalso
dependent upon the surrounding area and any constraints that may limit the actual construction
of the project Prior to making any final decisions, the project team will examine different
materials and alternatives in order to produce the mostigehdesign The project team will

also identify the impacts the surrounding traffic will have on the construction of the project in

order to determine appropriate mitigation measures.

Ethical

According to the civil engineering code of ethictyil eng neer s ar e usmtheiri gat ed
knowledge and skill for the enhancement of human welfare and the envirotmmbohest and

impartial and serving with fidelity the public, their employers and clients;esfvivncrease the
competence and prestige tie engineering profession; arslipport the professional and

technical societies of their disciplinegCode of Ethics, 2006)With this in mind, it is the goal

of the project team taonstruct an innovative, modern solution tthe economically and
ecologicallyadvantageous by applying the fundamental civil engineering principles studied at

WPI.

Health & Safety

The most important parameter wherdesigning the bridge will be safetyAlthough, cost and
sustainability are negiable based on the budget, health and safety are fixed variables and cannot
be altered All propositions and alternatives proposed will consider safety to be the guiding

factor in the analysisIn the guidelines provided by the LFRD design specificatidactor of



safety values will be incorporated in the calculations to ensure the structure is built to
accommodate uncertainties in the design procédsor to construction, the project team will

propose a traffic control plan to provide a safe enviremnfor workers and travelers
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1 Introduction

In a time when issues such as sustainability and éfoseacy take uncompromising precedence

in our society, the next generation of structural engineers must consider tbgcléeof the
bridges, stadiums, office buildings, and residential houses they deSmgte much of our
surrounding environment isvercrowded and densely inhabited, fewer and fewer engineers are
asked to build new, extravagant skyscrapers or wide sprawling apartment complexes in the
middle of the city Instead, more and more civil engineers are presented with rehabilitation
projectsthat deal with the reconstruction of amisting bridgeor the construction ofa fully
functioning day care centefThese reconstruction projects are often complicated and generally
require careful consideration of intricate restrictions of the urbairoemeent Incorporating
concerns of sustainability and cost poses an even greater challenge in finding appropriate

solutions to these limitations.

For building constructiorthe Leadership in Energy and Environmental Design (LEED) has been
developed to mcourage and accelerate global adoption of sustainable green design and building
practices The Green Building Rating System has been createéstablish criteria that rates

building designs on their performance and efficiency based on the use of rstamahle

materials and construction method#ccording to the U.SGreen Building Council, LEED

promotes an environmentally responsible building approach, recognizing performance in five

key areas of human and environmental health: sustainable siteoplmesit, water savings,

energy efficiency, materials selection and indoor environmental qualfhere are both
environmental and financial benefits to earning LEED certificatibBED-certified buildings

aim to Al ower oper at ialg reducesvaste sentntallandfilscconsesve e a s
energy and water, create an atmosphere that is healthier and safer for occupants, reduce harmful
greenhouse gas emissions, and qualify for tax rebates, zoning allowances and other incentives in
hundreds of cit e s and demonstrate an owner 80s commitr
soci al r e (EHED RrejactiCertification, 008)

Although great strides have been made to increase the number of-ddftfizd buildings

designed, there is yet to be a breakthrough to create similar building standards in bridge
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engineeringA gui deline to building Agreeno bridges

recycled materials and bridge component protectants to reduce enamine, and the
implementation of systems that benefit the local communi@hicago, IL has received
recognition in taking initiative in being one of the first cities to design anBficlge The semi
circular bridge design creates a harbme green sgce for inhabitants and wildlifeThe design

will include an area to provide residents and visitors with space for recreational activities like
sailing and rowing(Steffen, 2008) The enclosed area will provide an environnadéigtsafe
shelter for fish and other marine wildliféd he design also includes the addition of wind turbines

to create natural energy for the cit€hicago has taken the first steps toward creating a standard
for Afgreeno design lilar to kthe i LEEPe certificatiors tn rbuildingi o n

construction

Designing bridges based on sustainability guidelines can reduce the overall cost of a project and

reduce the amount of future maintenant¢evestigating the use of recycled materials, like- pre

eXi sting concrete waste from another project,

a positive environmental impact as well as a financial impdot Maine, a bridge was +e
designed using old, shredded tires and geotextiles on the roadbeduaimdy existing bridge
railings and guardrails from highway bridge reconstruction projects rather than building with
brand new materialThe use of the recycled material reduced an estimated $10 million project to
only $1.3 million and created a use fihre otherwise considered waste produ@®gcycled
Rubber Raises the Road: Maine Bridge Rehabilitation, 2003)

Maintenance of a bridge can be greatly reduced by taking proper measures to protect the bridge
components In the past, sealants such as epoxy coated rebar have been used to reduce the
amount of corrosion in the reinforced concrete, prolonging the lifespan of the strubtitihethe
advanced technology and testing capabilities available today, methods to mitigatecthie

current that flows through the steel reinforcements have been develbpese methods do not

wear off like epoxies and continuously protect the rebar from fluids and chemicals which can
seep into the concrete and corrode the stakhough ths process is generally more costly than
typical sealants, a lifeycle cost analysis may suggest that it is worth using to defer high

maintenance costs in the future by repairing individual components omaedesd basis.
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As sustainable design becomesrempopular imew constructionbridges can serve more than

the traditional purpose of transportation of people and vehiclesovative systems like
rainwater collection and storage systems or wind turbines as previously mentioned in the
Chicago EceBridge design, provide ways to use natural materials to benefit the local
community Rainwater collection systems can store rainwater then transport the reusable water
to local buildings, businesses, and hospitalfie addition of wind turbines on a bridgses

wind power to create and store energyis can then be transferred to form a natural alternative
that produces electric powerhese systems are usually more costly but the long term benefits to

the people of the surrounding areas outweigh theihighl costs.

As LEED certification in building construction is becoming the optimal design, the need for
sustainable design in all types of civil engineering projects is more evidaribus experiments
testing the capabilities of recycled material€onstruction are continuously being conducted to
attain more sustainable alternativekife-cycle cost comparisons of the different methods of
maintenance reduction allow engineers to determine the cost effectiveness of traditional
protectant sealantgersus the implementation of protective systemBhe overall goal of
sustainable design is to decreasedaon footprinty creating a structure from materials that
have been or can be reusddsing effective methods to preserve the structure alsscesdhigh
maintenance costs to keep the bridge structurally staBlestainable design also allows the
possibility of investigating and offering environmentally friendlier benefits to the community

The aim of this project is to investigate the pascef designing a typical highway overpass with
sustainable construction alternatives, including the design of key components of the
superstructure and substructugigure 1 shows the specific sustainable alternatives thatheill
implemented in the design to create a more sustainable andakimg structure A specific

bridge of interest is the Belmont Street/Route 9 Bridge, located in Worcester, Massachusetts,

which will be used as the case study for the project.
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2 Bridge Design

This section provides background information on the topics relating to bridges in general, but
more specifically to thdelmont Street/Route 9 BridgeThe chgter gives insight into what
factors constitute a bridge as structurally deficient as well as discusses the role of the
Massachusetts Highway Department in bridge projec@®mbined, these topics providsl
significant information necessary for the extmo of project

Furthermore, alternatives to create a more sustainable design will be researched to determine the
feasibility of implementing them into the construction of a typical highway overpdss use of
recycled materials during constructiodifferent methods of maintenance, the additionaof
rainwaterharvesting storage system, and alternative traffic routes during construction will be
investigated Arguments that determine the effects of each of these areas of interest on the

overall goal ®making the bridge more sustainable will conclude the report

2.1 Massachusetts Highway Department Bridge Projects

The Massachusetts Highway Department is responsible for the design and maintenance of
bridges throughout th€ommonwealth The spectrum of didges includes 2,900 owned by
MassHighway, and 1,500 municipally owned bridgda order to ensure efficient operations,
MassHighway has divided the state into five districEach district is responsible for projects
which fall within the respective ggon. The main office is located in Boston, MA which is
designated as district oiflassHighway, 2006)

2.1.1 Bridge Inspection Unit

MassHighway has an internal division known as the Bridge Inspection Unit which concentrates
on safety inpections and loadatings ofbridges Bridge inspection is part of maintenance and
has impact on repair, rehabilitation, and new bridge construclibis unit is presided over by a
District Bridge Inspection Engineer who works directly with Boston Headquarters personnel t
obtain information about bridges of interedthe unit assesses the conditioregfstingbridges

and formulatestructure Inspection Field Reports for each bridge

In this report, components of the deck, superstructure, and substructure arescordihg to a

Condition Rating Guide Rating is based on scale o0 wi t h A00 meaning the



fail

ed

and

AR90 meaning t he. Inaddpoo dhe tonditien

ratings, levels of deficiency are evaluated for eacmpmnent The rating criteria can be

referenced iMablel & Table2.
Table 1: Rating guide (taken from MassHighway Structures Inspection Field Report 2008)

N | Not Applicable

9 | Excellent Excellent condition.

8 | Very Good No problem noted.

7 | Good Some minor problems.

6 | Satisfactory Structural elements show some minor deterioration.

5 | Fair All primary structural elements show some minor deterioration.

4 | Poor Advance section ks, deterioration, spalling or scour.

3 | Serious Loss of section, deterioration, spalling or scour have seriously affected primary str
components Local failures are possihleFatigue cracks in steel or shear cracks in cong
may be present.

2 | Critical Advance deterioration of primary structural elementg-atigue cracks in steel or she
cracks in concrete may be present or scour may have removed substructure sUppEss
closely monitored it may be necessary to close the bridge omtdative action is taken.

1 |Al mmi ne | Major deterioration or section loss present in critical structural components or ol

Failure vertical or horizontal movement affecting structure stabilitgridge is closed to traffic bu
corrective action maput it back in light service.

0 | Failed Out of servicebeyond corrective action.

Table 2: Categories of deficiency (taken from MassHighway Structures Inspection Field Report 2008)

Deficiency. A defect in a structure that reqes corrective action.

M Minor Deficiency | Deficiencies which are minor in nature generally do not impact the structural int
of the bridge and could easily be repaired.
S Severe/Major Deficiencies which are more extensive in nature aredl more planning and effort {
Deficiency repair.
C-S | Critical Structural| A deficiency in a structural element of a bridge that poses an extreme
Deficiency condition due to the failure of the element which will affect the structural integri
the bridge.
C-H | Critical Hazard| A deficiency in a component or element of a bridge that poses an extreme ha
Deficiency unsafe condition to the public, but does not impair the structural integrity a

bridge.

Urgency of Repair

I Immediate Inspectors immedtaly contact DBIE to report theeficiency and to receive furthg
instruction from him/her

A ASAP Action/repair should be initiated by District Maintenance Engineer vgogipt of the
inspection report.

P Prioritize Shall be prioritized by District Matenance Engineer and repairs made when

and/or manpower is available.




2.1.2 Bridge Project Development Team

Once theinspectionreport is complete, the Bridge Project Development team reviews the
essential information The Bridge Project Development teaim mai nl y responsib
providing a comprehensive and systematic review of the condition of MassHighway and
municipally owned bridges, determining the type of work that is required for each, prioritizing

the work and then preparing bridge project scapds w (MiadsHighway, 2006) As far as
determining scope of work, the Bridge Project Development Unit first begins by classifying
projects as necessitating full replacement, rehabilitation, or preserva®ority is base on

condition of bridges and proposed cost of project

2.1.3 In-House Bridge Design Unit

The next action is to prepare a design for the specific projgletssHighway has an internal
division known as the hiHouse Bridge Design Unit which is in charge ofgareng load ratings,
structural calculations, and bridge plafisis group works from the inspection report as input to
the calculations for existing bridgesEngineers in this unit aralso in charge of revising
MassHi ghwayds Br i dg 8pedfieationsafdr Highways aSd BaidgeSaeay d
are currently irthe process afonverting from Allowable Stress Design (ASD) to #hmerican
Association of State Highway and Transportation Offick8&\SHTO) Load and Resistance
Factor (LRFD) Bridge Desig8pecification(MassHighway, 2006)

2.2 Case Studyz Belmont Street/Route 9 Bridge

In the state of Massachusetts alone, there are currently 588 bridges considered to be structurally
deficient This factor represents approximately ten percent of the traveildgkebrin the entire
state(100 Busiest Structurally Deficient BridgesBridges deemed structurally deficient are of

high priority for maintenanceA local overpass of specific concern, showrFigure 2, is the

Belmont Street/Route 9 Bridge eM4-094) which spans over Interst280 located in
WorcesterMassachusettsMassHighway plans to reconstruct the bridge in the yeat.201



Figure 2: The existing Belmont StreetRoute 9 overpass

The Belmont Street/Route 9 Bridgeas constructed in 1958 and slightly modified in 1990

From the figure above, it can be viewed that the bridge is a sisapiyorted twespan structure

with steel stringers and a concrete deckhe inteior pier and abutments are also made of
concrete and the wingwalls of the abutments are cantilever fipere are twepans extending

640 1 0 ahhdlJB&HDOh span i s support-ed bgp. Bhest el n
bridge is welltraveled sine it is a connection to Interstat290 as well as the fact that UMass

Medical Center is positioned on the easterly side of the bridg®nsists ofour lanes of traffic

along with 606 si dewhkibrespondibte for traresmitgymn avaragendailly r a v e |
traffic count of 31,000 vehicles which makes it one of the busiest bridges in Massachlisetts

bridge also has minimal clearance over Interst&®0l and is posted for load restrictions of 20,

25, and 40 ton vehicles (MassHighway0Qaj

2.2.1 Recorded Bridge Accidents

On December 8, 1987 an over height truck travelling on Reff® Icrashed into thBelmont
Street/Route 9 BridgeThe vehicle struck the superstructure on the easterly span of the. bridge

Then again on August 18, 1994frack exceeding height requirements crashed into the bridge
stringers After the second collision MassHighway conducted an Accident Inspection Report in

1994 |t stated that the bridge superstructure
exception oft hr e e stringers and rel ated di aphr agms

recommended that #Athe girders be examined mor
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displacements is possibleln addition the damaged diaphragms should be repadrgdir a c e d 0
(MassHighway, 2006) All of the recommendations were taken into account, but since the
bridge was still serviceable at the time, it was decided that the entire bridge would be

reconstructed when there were signs that the conditions were worsening

2.2.2 Deficiency of Bridge Structure

The Federal Highway Association mandates that bridges graded below 50% sufficiency need to

be replacedRat i ngs are determined by a formula whic
and safety, serviceability, andwo i mpor t ant the bridge K160 t o a
Busiest Structurally Deficient Bridges)Regarding theBelmont Street/Route,3he AASHTO

rating of sufficiency is35%. MassHighway has placed the bridge ofive year replacement

program plan and the bridge is inspected routinely

Factors such as thage of the bridgehigh traffic volume,and the effects of the collisions,
greatly contribute to th@resentdeficient rating As stated in the Bridge Insgigons Unit
Section, Engineers at MassHighway score components of the deck, superstructure, and
substructure from-9, as well as note the levels of deficiency and urgency of reffaime of

the sections averages to a four or less, the bridge is coebide structurally deficientThe

reason why th&elmont Street/Route Bridge is categorized as structurally deficient is because
the superstructure is rated as conditionMso, the deck and substructure of the bridge are rated

5 according to the mbsecentStructures Inspection Field Repadnducted June 26, 200&n

excerpt of the2008Structures Inspection Field Repastlocated inFigure3 (the completeaport

can be found in Appendii).
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Figure 3: Excerpt of MassHighway Structures: Inspection Field Report 2008

2.2.3 Re-Design of Bridge

The redesign of the bridge is supported by the Central Massachusetts Metropolitan Planning
Organization (CMMPO) and funded through the 2010 Transportation ImpemteRrogram

Since the bridge is designated as structurally deficient, federal funding constitutes 80% and state
funding 20% of the project cosThe estimatedcost of constructiois $6,627,470.00 In respect

to the general contractor of the projediassHighway will compile a listf interestedbidders

and the project will bevearded to the lowestualifiedbidder(MassHighway, 2006).

2.3 Sustainable Design

As the emphasis on sustainable design in building is becoming more prevalent, different
approaches$o building a more sustainable bridge are being investigaleansitions have been

made from using new building materials such as reinforced concrete and steel to using waste

reinforced concrete and steel products from previous existing structuBesause of the
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importance of maintaining structures based on financial costs, engineers have begun to
experiment with the use of protective systems rather than sealants or coafagsof a
sustainable design includes implementing a system or processathdiecbeneficial to the
surrounding environment and inhabitantSuring the construction of a new design, detouring
traffic routes can create problems in developed urban.awlésrnative traffic patterns can be
determined to minimize the inconvenienodalrivers but still ensure a safe traveling path through

the community Factors such as these can improve the conditions of the actual structure and the
area that surrounds it

2.3.1 Alternative Building Materials & Maintenance

The transition from utilizingtraditional building materials to recycled materials is a major
component of sustainable desigRRecycling is a practice which is not only environmentally
friendly, but cost effective During demolition of old structures, materials generally constituted

as waste can be salvaged to make brand new prodlisesmost commonly recycled materials

in bridge projects are steel aretycledconcreteaggregatesvhich are used to make steel girders

and concrete decks prers Overall, the implementation of recgd products is very beneficial

due to the fact recycling contributes to less waste transported to landfills, decreased pollution

emissions, and reduced energy consumption

Routine maintenance of a bridge prolongs the lifespan of the struditiven aesigning a bridge
engineers take certain measures to create a design that will be durable and involve a minimal
amount of maintenanceEpoxy coated rebar is often used because to protect steel reinforcement
because it is very economicalThe coating onhe rebar protects the steel from fluids and
chemicals that seep into the concrete and contribute to the corrosion of theEstigeleers
conduct continuous experiments with other methods of protection to find more effective
processes An example of a ngly popular method is Cathodic protectiomhis involves a
system that can be implemented in a bridge design to control and slow down the electric current
that causes corrosiorAlthough this is a costly method, case studies in various locations around
the world have been done to determine if the effectiveness of the system is worth the increased
cost In many cases, new innovative systems and technigues have proven to be more effective in
increasing the service life of the structuiiéhe goal of manya@entists and engineers has been to

create an economical system which will also minimize the rate of corrosion throughout the
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structure reinforcementlf a better system can be found, the time span of required will decrease

which reduces the cost of camtious maintenance and repair

2.3.2 Stormwater Management

Another key element in developing a sustainable bridge design is to assess the surrounding area
and its impact Contributing factors such as excess runoff from the surrounding area can cause
severe coosion problems and can accelerate the deterioration of a brisigeply controlling

the runoff water and limiting the amount of moisture that causes corrosion can prolong-the life
cycle of the bridge Careful consideration of state standaedsl assessent of thecurrent
stormwater management 8313 is necessary in order to determine the parameters and constraints
of the region Detailed researclof innovative stormwater management practicgesalso

importantso that the mogiracticable, sustainablelstion or alternativés selected for the area

2.3.3 Transportation & Urban Planning Development

An important factor to the design and construction of any major project involves the evaluation
of the surrounding areaProminentregionsof concern include #hlocation of the proje¢twho

the project will affect, anthe constraints of thproject In bridge design especially, one of the
most important influenceduring constructioms the surrounding trafficFor instance, in heavily
populated areagrofesionals need to considerreuting traffic prior to construction so that the
surrounding area can still function at a normal .raldus, the project teamwill identify the
different services that are available along with any procedures or methods tatctraffic
studies and evaluathe traffic flows over major bridges More specifically, the project team

will develop atraffic control plan that could be implemented during the construction phase of the

BelmontStreet/Route Bridge in Worcester, Masshusetts

When evaluating the area of interest, the following will be considered to determine the most
effective alternative construction route:

1 Research similar detour projects

1 Obtain traffic count based on area of interest

1 Gain understanding of sitsurrounding area; major routes, residential areas,
businesses, emergency access routes, and intersections

Determine constraints and parameters

Propose detour solution during construction with the aid of AutoCAD and GIS
Compare sol uti on suggestions Mass Hi ghwayos

= =4 =4

12



The proposed traffic route will consider both constructability and saf€@we factor of the
constructability of the project relies upon the location of interest and the traffic flowing through
the construction site Since the area surroumdj the Belmont Street/Route 9 Bridge is heavily
traveled, traffic routes must be altered to ease the constructability of the pAdgmt providing
awareness of the new traffic patterns during building is essential to ensure the safety and health

of both the members of the community and the workers involved in the construction

2.4  Bridge Design Conclusion

The contents of this project focus specifically on the Belmont Street/Route 9 BSdgee this
bridge is located in the commonwealth of MassaclsisktassHighway is responsible for both
the redesign and maintenanc®art of their role is to perform routine safety inspections to rate
the components of the structuréhis is often completed by an internal division known as the
Bridge Inspection Uni A safety inspection report included in this project illustrates that the
Belmont Street/Route 9 Bridge is deemed structurally deficient, meaning it is a high priority for
maintenanceThus, given the need for-teesign, the main objective of this repis to achieve a
sustainable design that addresses alternative building materials and maintenance; stormwater
management; and transportation and urban planning developiteege factors, along with the
investigation of the design components, will betdaed in to the design recommendations.
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3 Structural Analysis & Design

When designing a bridge, engineers need to account for all aspects of the preliminary design
phase so when they reach the construction stage, each element is candtderadhighway
overpass the first step is to layout the site by surveying and mapping theHmydvay design,
structural design, geotechnical engineering and hydraulic engineering should all be taken into
consideration during the design proceSsructural engineerdhiowever, are only responsible for

the design of highway overpass bridg@he bridges are broken up into two different sections:
the superstructure and the substructuRégure 4Error! Reference source not found.shows

typical bridge site labeled with some of the key components of the britlge primary goal of

the engineer when designing the bridge is to build the safest brittggneers attempt to select

the most economical building materials ancefive component designs that suit the location of

the bridge construction

2
o

Vs lwin|-

Component
Wearing Surface & Deck
Girder
Bearing
Pedestal
Footing

Figure 4: Structural components on typical bridge site (taken from Bridge Engineering, 2007)

3.1  Superstructure Design
The superstructure consists of latidge components located above the suppdf®m top to
bottom, this includes the wearing surface, deck, primary members and secondary members as

1
Wearing Surface Deck Primary Members Secondary
Members

Figure 5: Components of superstucture

shown inFigureb.
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3.1.1 Wearing Surface

The wearing surface of the superstructure is the top layer of the road which usually consists of a
pavement layer This surface must be strong enough to withstand the load of traveling cars and
trucks As the lifecycle of a bridgencreases, the roadway is reinforced to account for excessive
wearing This layer of the deck is typically 2 to 4 inches thick in the original design but
increases as reinforcements are addédgure 6 shows the wearing surfagen the current

Belmont Street/Route 9 Bridge.

Figure 6: Wearing surface on the Belmont Street/Route 9 highway overpass

3.1.2 Deck

The main function of the deck is to distribute the loads on the bridge from corner ta cbneer
deckcan be described as an extension of the road across the bridgedt @asarest on or be
integrated in the frame, which is designed to help distribute the loads in the longitudinal

direction Often the deck is made of a concrete slab

3.1.3 Primary Member s

Primary members are the girders or stringers that run along the longitudinal span of the bridge
They are the main reinforcement in preventing the structure from bendhngridge design,
girders are typically made from steel or prestressed condfetesteel bridges, wide flanges like
I-beam type girders are most commonly usebthere are other possible shapes for girders
including the rectangular or trapezoidal box girder design which are most effective on long span

lengths
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3.1.4 Secondary Members

The last component of the superstructure is the secondary membles secondary members
provide the lateral bracing between the primary membefhe secondary members are
important in the superstructure design because they help resist the ateforof the cross
section They also help distribute the loads between the girders

3.2 Substructure Design
Elements of the substructure include the abutments, piers, bearings, pedestals, backwall,
wingwall, footing, and piles The substructure consssof bridge components as showrFigure

7 which act together to support the superstructlitee substructure acts as the foundation to the

1
| ] ] ] ] 1
ingwallfﬂacm” FDDtings“fP”ES

Figure 7: Components of the substructure

structure

3.2.1 Abutments

Abutments are the walls on the sides of the bridge that support the overlaying roadway and
bridge structure The walls are critical because they resist the forces of the earth from caving in
under the overpassDepending on the function and locatioh the bridge, there are many
different types of abutments that can be considered for bridge degignsments are generally

made of reinforced concrete.

3.2.2 Piers

Piers are the structures that hold the bridge up at intermediate points along the spamthetwee
abutments like the example shownFigure8. As the span of the bridge increases, so does the
need to include more piers for support in the desi¢tnen the design is only one span, a pier is
not needed for extra supporBimilar to abutments, there are many different types of piers to
choose from when designing a bridg&he typical building material used in piers design is

reinforced concrete
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Figure 8: Concrete pieron the Belmont Street/Poute 9 Bidge

3.2.3 Bearings

Bearings act as structural devices that are located between the superstructure and substructure
They function as the component of the bridge that transmits loads between the superstructure and
substructure and accommodates any enwents between the superstructure and substructure
When designing the bearings of the bridge, the engineer must consider all the loads applied from
the weight of superstructure, the traffic that travels across the bridge, and any relevant wind or
earthaguake loads A range of movement due to extreme thermal effects must also be considered
during the design

3.2.4 Pedestals
The pedestal is the short column located on the abutment of pier that directly supports a primary
member of the superstructurdhe beang sits on top of the pedestal which is located on the

footing of the bridge

3.2.5 Wingwall & Backwall

The backwall is the stem of a cantilever retaining wall henceforth the alternative nameltstem
is the primary component in retaining abutmenitee wingwall is the extension of the abutment
backwall to the sides of the bridgés purpose is to retain and laterally support the earth located

behind the abutmentAn example of wingwall and backwall components is showFigare9.
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Figure 9: Example of the wingwall and backvall on Belmont Street/Route 9 Bidge

3.2.6 Foundation

The function of the footing of the bridge is to transfer the loads from the substructure to the
subsoil Piles are extensionsoim the footing into the groundrhe existing soil at a construction

site must be tested to ensure it is capable of providing enough support for the structure

3.3 Design Methodology

After consulting the bridge inspection report provided by MassHighfeaythe Belmont
Street/Route 9 Bridge, the concrete deck, steel girders, and concrete columns were deemed
insufficient. The process for rdesigning these components to meet capacity is addressed in the
following section The role of the structural design cpuater program RISAR-D, as well as the

use of spreadieets proved to be an essential part of the process for determining axial loads,
moment and critical design parameters for desigAowcharts outlining the procedure to
determine sizes and spacing fack of the three designed components are provided below.
Lastly, the procedure for creating the craesstional drawings and three dimensional model is
presented.

3.3.1 MassHighway Visit

Initially, the project team planned a meeting at MassHighway Districttl8 avrepresentative

from the Bridge Department. Besides researching the Belmont Street/Route 9 Bridge, the project
team also established important contaciscase interviews, questions, or requests for further
information or assistance were necessatgrlan in the project. MassHighway provided

inspection reports, specifications, and portions of ithigal design process.The inspection
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reports from both 2007 and 2008 rankdek bridge components, showing the degree of
sufficiency for all aspects afach componentBased on this report, the project team found the
concrete deck, steel girders and concrete columns to be defiGieatefore, it was determined
the redesign would focus mainly on these three key components.

3.3.2 Standards

All calculations, asumptions, and tabulated values were taken fromAtBE Steel Manual
MassHighway Specificationsand ASSHTO Specificationso meet Massachusetts design
parameters. Throughout the design process, references to these specifications are noted as
necessary To explain the use of particular values, it may be necessary to consult the actual
specifications to detailed information.

3.3.3 RISA2-D

The first step to designing the bridge components was to learn and indiatractural design
computer program RISAThis programwas used to evaluate the moment for toatinuous
concrete deck andingle sparsteel girder designs. As necessary, the dead load on the girders
differed from the dead load on the concrete deck and was altered accorBogtire girder
design everal load cases were superimposeRISA to reflect the worst case scenario, creating

a moment appropriate for desigfhe following load case shown ikigure 10 provides the
maximum moment subjected on the girder whichudek a concentrated live load and uniform
live load.

Concentrated Load: 18,000 Ibs formoment; 26,000 Ibs for shear
l Uniform Load: 640 Ibs per linear foot of load lane

lVVVVVVVVV'

Figure 10: Vehicle live loading case

To view the shear and moment diagrams associated with the design of the concrete deck and the

girders generated by RISA, referAppendixF.

3.3.4 Calculations

Continuing with the design process, flowcharts were developed outlinirayénell process for
calculating sizes, spacing, and reinforcemmtall designed componentsThe calculations
were conducted based on LRFD and all necessageduresmay be found insample hand
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calculationsfor the deck design, girder design and column design are provid&gpendix C,
Appendix D and Appendix FEespectively However, in order to determine the most appropriate
solutions, Microsoft Excel sheetgere developed, such that varying parameters such as the
spacing and rebar size could be varied and later investigated.

3.3.4.1 Concrete Deck Slab

The following flowchart was used to design the conadeiek slab andample stegby-stephand
calculationsareattached to the end of the reportAppendixC. The sample calculation design

for an 8inch continuous slab spans over two single span girders and considers the required
moment capacities obtained frodASHTO SpecificationSTable A4.11 indicated in Appendi

C. As mentioned, Excel sheets were created for the deck slab so that changes to the spacing and
size of the rebar could be investigated to determine the most appropriate concrete deck slab
design. Below, outlines the limit states and general procedaredesigning the continuous

concrete slab.
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DESIGN OF CONCRETE DECK

State Assumptions and Paramete

Compute Dead Loads

oo coreoes
e————
e

Design for Positive Moment Design for Negative Moment

Compute Live Loads Compute Live Loads

Compute Maximum Positive Mome Compute Maximum Negative Mome

Calculate Effective Depth Calculate Effective Depth

Calculate Required Area of Reinforc Calculate Required Area of Reinforci
Steel Steel

Determine Required Bar Spacing Determine Required Bar Spacing

Adjust Spacing for Constructability, Adjust Spacing for Constructability

Checkc/d®® 0. 76 Checkc/d®® 1. 07

State Required Bar Size and Spac State Required Bar Size and Spacin

SELECT APPROPRIATE SIZE AND SPACINH
POSITIVE AND NEGATIVE REINFORCEMEH




3.3.4.2 Girders

The following flowcharts were used to calculate a series of two single span steel girder designs
using norcomposite, full composite, and partial composite design approaches. It is important to
note that the flowcharts may be used only if the beam is compact without local buckling in the
flange and web or | ateral buckling along the
norrcompact, then further investigation of the governing criterienasessary. Since all
investigated sections were compdbese flowcharts do not considapncompact design.
Complete sample hand calculations, assuming 8 girders spaced at 8 feetéompasite, full
composite and partial composite @Es may be viwed in Appendix D From completing
previous projects, partial composite design was found to be the most cost effective approach for
girder design, however, for verification, all designs were explored to ensure that partial
composite was in fact the mostemjuate design. In order to investigate varying girder spacing,

and therefore girder sizing, similar spreadsheets were developed using Microsoft Excel
containing all the equations used in the hand calculations. From these spreadsheets, the most

appropride size girder was selected based on the smallest weight section.
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DESIGN OF STEEL GIRREREOMPOSITH

State Assumptions and Parameters

Compute Dead Loads

Compute Maximum Moment

Use Design EquationMp=. ZFy to Calculate,Z

Select Beam Size Based Qfr@m Table 32 AISC Steel Manu{

Update Moment Reflecting Beam Weight

Check Plastic Capacit
Conditions

1 1 |
No Local Buckling of Flang@ No Local Buckling of We No Lcateral Buckling o
(FLB) (WLB) Beam Along Length (L
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DESIGN OF STEEL GIRBERSCOMPOSIT

State Assumptions and Parameters

Compute Dead Loads

Compute Maximum Moment

Use Design EquationMp=. ZFy to Calculate,Z

Select Beam Size Base! le 2 AISC Steel Manual

Check Plastic Capacity Conditions

No Lcateral Buckling of Beam Along Length (LT!

No Local Buckling of Flange (FLB) No Local Buckling of Web (WLB

Check Strength For Unshored Construction

Determine Moment Including Weight of Wet Concrete

Satisfy. Mn>Mu, Select New Beam Size if Necessary
Check Construction Deflection

Determinel, From Table 41 AISC Manual

Select Appropriate Beam Size Baskable 32 AISC Steel Manug

Check Composite Capacity
5SUSNYAYS HvVVOAISCAWIMEal ¢ 6f S o

Calculate Depth of Stress Block Using a=AsFy/0.85f'cb

Calcaulte New Value Foy Y
Interpolate. ;Mp From Table-39 AISC Manual

Check ,a LIk a dz

Design Shear Studs

Determine Nominal Stength From Tabl2B AISC Manual

5SGSNYAYS KS bdzYoSNJ 2F {KSIFNJ {d

Calculate the Shear Stud Spacing Using L/n And Check Minimum and Maximum Spad]

Check Live Load Deflection

Update Moment ReflectinDetermine Unfactored Wu
Calculate Associated Moment Mue to Vehicle Loading
Inerpolate |zFrom Table 20 AISC Manual
/ 2 Y LIdzMEBICH 5
/ KS OR[ KkpReam Weight
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DESIGN OF STEEL GIRBERBAL COMPOSITE
(BASED ON FULL COMPOSITE DESIGN)

Check Composite Capacity

58SGSNYAYS HvYIAISCMWAMaAl ¢ I 6 f S

/' £0dA S 5SLIGK 2F {diNBaa .t201

Calcaulte New Value FoyahdY,Assuming the PNA

Interpolate. Mn From Table 39 AISC Manual

Design Shear Studs

Determine Nominal Stength From Tabl2 B AISC Manual

5SGSNYAYS GKS bdzYoSNJ 2F { KSI NJ {(dzR3

Calculate the Shear Stud Spacing Using L/n And Check Minimum and Maximum Spacing

Check Live Load Deflection

Determine Unfactored Wu

Calculate Associated Moment, Nue to Vehicle Loadin

Inerpolate |gFrom Table 20 AISC Manual

/ 2 Y LIdzMRICH,

I KS OR[ kko c n
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3.3.4.3 Columns

The columnswere designed based on the following flowchart, using the slenderness as the
guiding limit state. It is important to note the following desigay only be used fan unbraced
column. The unbracedatiumn length for the Belmont StréRbute 9 Bridge spank56 9 | 0.
Initially, when determining the axial load subjected on the column, an assumed number of two
columns was selected to determine the tributary width feigde Since a hammerhead design is

not included, the columns are placed below two girders and because the tributary width on each
side of the columns is not precisely the same, the column design is slightly conservative.
Additionally, the design account®r gravity loads only and lateral force effects are not
addressed in the desigrit is assumed that the abutments will resist these loads and must be
considered in the design of this compondmastly, dter determining an appropriate column size
basedon the slenderness ratithe reinforcement bar size was examiaed the spacing of the

reinforcement was calculated, assuming #4 ties and a 2.5 inch cover.
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DESIGN OF COLUMB(UARE TIE

Determine Column Size

Calculate Axial Load Pu Using RISA

Calculate Slenderness Ratio for Unbraced Column Using KL/r<22

Calculate Base Length of Column Assuming r = 0.3b for Rectanglular Co

Determine Appropriate Base Length

Select Reinforcement

Identify Minimum and Maxiumum Reinforcement Ratio

Calculate Area of Steel Using EquationAs/Ag

Select Size and Number Reinforcement Bars

Calculate Pn Using the EquationPn = 0.80 (0.85f'c(Ag- Ast) + fyAst)

R

Reinforcement Spacing and Ties

Assume Appropriate Tie Size Based on Reinforcement Bar

Using Equations 184, 48d,.., and Column Dimension, Determine Maximum Spaci

Calculate Bar Spacing Using Equation s-2¢bver2ties-2(d,/2))/spaces < 6 inches
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3.3.5 Spreadsheets

Design spreadsheets were created in Microsoft Excel to examine multiple désigatiales

after completing the flowcharts for each componefeses spreadshedislped determine the
most effective sizes for each of the components while eliminating redundant hand calculations.
For deck design, changes to the spacing and size af wedva investigated Adjustments such

as he spacing of girders and aké&ons to the number of shear studs were examined using the
spreadsheets to determine thest cost effectivegirder design This was determined based on
lightest weight section anftwest number of shear studs since the cost is calculated by the
weight per foot and number of shear stud&e equations put intdxcel followed the same
procedure as the flowcharsbove and processom the sample hand calculationsThese
completed Kcel templatesfor concrete deck, necomposite girder, composite girder and
column designmay befound in Appendix G, Appendix H, Appendix |, and Appendix J,

respectively

3.3.6 AutoCAD Cross Sectional Drawings
The computer program AutoCAD was used to develayss sectional views of the proposed
bridge desig. Dimensions and sizes for aé-designed componenésehighlightedand may be

viewed in the results section of this chapter

3.3.7 3D Model

Additionally, another deliverable created using tmenputer progam Google SketchUpvas

used to model the proposed Belmont Street/Route 9 Bridige.three ralesigned components,

as wel |l as the remaining components that were

report were included in the model.

The methodsand procedures for designing the three components of interest were discussed in
this section. The role of RISA2-D, Excel spreadsheets, AutoCAD, and Google SketchUp were
also addressed abové&he following section concludes thedesign of the bridge bgiscussing

the selected number of members, sizes, and spacing and the reasons for selecting them.

Challenges that arose during the design are also discussed in the next section.
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3.4 Design Results

The following section presents the proposed sizes and nwhivembers, as well as spacing for
superstructure and substructure components. -desgn was investigated for the concrete
bridge deck, steel girders and concrete columns and their results are discussed below. Design
challengesarereviewedfor each omponent as well.The impact of these challenges and their

role in selecting member sizes is outlined below.

3.4.1 Superstructure Design

Based on MassHi ghway 6 Repditp@B8dedBrr Appegdex ,Bthennwogt e ct | 0 |
crucial elements of the superstruetiwere redesigned This included principal superstructure

elements such as the concrete deck and strin@dter elements that received a lower rating but

were not investigated as part of this project were the deck joints, connections, and diaphragms
With the exception of the deck joints, all other elements were categorized as having a severe
deficiency meaning their repair should be based on priofitys means they are generally not
considered until funds and manpower become availalite deckoints were in a condition that

suggested repair immediately upon receipt of report to District Maintenance Engihesall,

the deck was given a rating of a 5 which is <c

received aratingofad4whic i s cl ass.i fied as fipoor o

Although the deck received a total rating of a 5,-degign was investigated’he new rating of

a 5 was recently increased from a 4 because the deck has received various spot repairs and
maintenance since the last inspen report Based on the groupds Vvis
personal experience driving over the bridge, it was determined that the bridge could benefit from
an improved deck The bridge could also benefit from a new wearing surface.ldygure 11

shows the severity of the cracks and exposed rusted rebar along various locations on the bridge
deck Even though the cracks and exposed rebar do not warrant immediate attention and repair,
if they are not properly maintained, in tirtteey can cause more severe issuésacks allow the

rebar to be exposed to greater amounts of fluids and moisture on the b@dge the initial

cracks occur, it is easier for water to seep into the concrete deck to the rebar and enhance the rate
of corosion This reduces the section of reinforcing steel which in turn, lowers the tensile

capacity the reinforcement
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Figure 11: Wearing surface on Belmont Streé#Route 9 Bridge

Changes were made to the initial design basechomt gr oupd6s attempt to
would require less maintenance in the future and last longer than the typical bridgelmeck
order to ensure a longer service life of the new deck design, more sustainable building
alternatives could also be dmped, as discussed in further detail in the later chapters of this

report

3.4.1.1 Concrete Deck Design

The deck was constructed of reinforced concrete material and includethem tBick slab as
required for minimum slab thickness BBASHTO SpecificationsOther properties of the bridge

such as the thickness of the surface layers, weight of the materials, and general dimensions are
included inTable 3 Based on the typical values for material weights and the decided values for
layer thicknesses, the unfaotd weight of the slab and wearing surface were determined to be
0.64 kft/ft and 0.19 kft/ft, respectively.
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Table 3: Bridge deck properties

Bridge Superstructure Element | Established Value
Slab thickness 80
Bituminous cowrete thickness 2.50
Tributary area 8 0
Weight of concrete 150 pcf
Weight of wearing surface 145 pcf
Span of bridge 151 ft
Width of bridge 60 ft
Compressive strel|4dksi
Steel yield strength 60 ksi

In order to determine the sizd amount of reinforcement needed in the concrete deck, the
positive and negative moment valugere determinedor each regiorusing the different loads
that affect the bridge deckThe loads werghen factored based ZWASHTO $ecificationsto
ensuresafety in the designThe factors assigned to dead and live loasisd for the Belmont
Street/Route 9 Bridgare included inTable 4 along with the reference from th@ASHTO

Specification Manual

Table 4: Design load factors

Desgn Factor Design Factor Value Reference
Maximum slab dead load factor 1.25 STable 3.4.22
Maximum wearing surface dead load fac 1.5 STable 3.4.22
Live load factor 1.75 STable 3.4.11
Multiple presence factor (> 3 lanes) 0.65 S3.6.1.1.21
Dynamicload allowance (IM) 0.33 STable 3.6.21

Table 5indicatesthe total factored loads in the positive and negative moment regionthe
Belmont StreéRoute 9Bridge, the total factoredegativeload of 12.61 Kt/ft governed the
designas shown inTale 5, therefore the bar size and spacing for that regias used
throughout the deck in both the positive and negative regithséng the deck design template

that was created in Microsoft Excel, different size bars and spacing were investigated to

detemine the most desirable bar size and spacing aption
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Table 5: Moment values for positive and negative regions

Positive moments Negative moments
UnfactoredLL 5.69 kft/ft | UnfactoredLL 6.58 kft/ft
Factored_L 9.96 kft/ft | FactoredLL 11.52 kft/ft
Unfactored slaibL 0.64 kft/ft | Unfactored slaibL 0.64 kft/ft
Factored slabL 0.80 kft/ft | Factored slalbL 0.80 kft/ft
Unfactored wearing surfadgl | 0.19 kft/ft | Unfactored wearing surfad2lL | 0.19 kft/ft
Factored wearingusfaceDL 0.29 kft/ft | Factored wearing surfadl 0.29 kft/ft
Total Factored Positive Load| 11.05 kft/ft | Total Factored Negative Load| 12.61 kft/ft

Although different bar sizes and spacing can be determined for each flexure region, based on

productality and economical reasons, the same bar size spaeschosen for both regions

Table 5shows that the difference between the total factored positive and negative load is
minimal. Using the governing value from the negative region, it resultsmor@ conservative
design for the positive reinforcement regiofiable 6shows the bar size, calculated spacing and
spacing when considering constructabilit)/hen the same bars are used throughout the design,
the cost associated with fabrication of thaterial is lowered Using the same size bars and
spacing also reduces the risk of confusion or misinterpretation during installdienspacing

in the positive and negative regions is the same for #5 and #8 bar Bmeseinforcement, #5

bars werechosen based on their typical use in concrete bridge deéokisoth the positive and
negative regions, the calculated spacing was determined to be less than .6 Tiocsiesplify the

layout and installation of the barsjr&h spacing between bars wagdisn both the positive and

negative flexure zones.

Table 6: Bar size and spacing for positive and negative flexure regions

Positive Flexure Negative Flexure
Calc. Con.
Bar Size | Spacing Spacing Bar Size | Calc. Spacing | Con. Spadng
#5 6.39 in 6in| #5 6.25 in 6 in
#6 9.06 in 9in | #6 8.87 in 8in
#7 12.12in 12 in| #7 11.891in 11in
#8 15.57 in 15in| #8 15.3in 15in
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Primary steel reinforcement bars in bridge decks are laid out along the longitudinal direction,
perpendiculard the direction of the traffic to resist deflection as showrigurel2. Based on a

131 ft bridge span, 262 total #5 bars ainéh spacing are required for the bridge deck
reinforcement Calculations used to determine su#ict concrete deck design and reinfanent

are included in Appendix.C

traffic

traffic

Figure 12: Direction of reinforcement bars in bridge deck (not drawn to scale)

Although thedeck currently has a rating of 5 which means it is functiondlan s n6t i n dan
any immediate failure issues, investigating a more effective design can be ben€heidridge

deck has had patch work done to various exposed areas to fill some of the cracks and limit the
amount of moisture that seeps into thelpe deck A it emporaryo fi x on the
the thickness of the wearing surface, or simptgaeer the top layer of concret& his protects

the bridge deck because it fills all the holes on the previous wearing su@aeeissue with re

surfacing the top layer of the bridge is that new layers increase the weight of the wearing surface
which affects the maximum moment reaction of the bridgen allowance for future wearing

surfaces is not accounted for in the original design, the additiweight may exceed the

capacity the bridge was originally designed to withstand

When maintenance is only performed on amesded basis, it tends to create a repair cycle
Engineers believe they are saving money by only fixing the compottattpose immediate
danger to the structural integrity of the bridge, but that is not often the Aaseceded repairs

are required more often which means more money is spent on labor and equipment each
additional time maintenance is performefly creaing a new deck design with higher strength
materials, the bridge will be able to better withstand the recurring wear and tear of the everyday
traffic and surrounding environmental conditions and will not require repairs as ofen
exampe, in the orignal 1958Belmont StreéRoute 9Bridge, a 3000 psi concrete compressive

strength was used based on the reasonable standards of thé-timbe new bridge design, a
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higher 4000 psi strength concrete was used to compensate for the increased tratfiavekig
across the bridgeAlso, in the initial design, the type of rebar used was unknown so it is difficult
to know if the reinforcement is protected by any type of coatikgssHighway now requires
that all bridge deck reinforcement be epaoatedor galvanized

Later chapters will discuss additional alternatives that can optimize the performance of a bridge
The goal in incorporating some of the more sustainable alteesas to extend the typical 40 to
50yearservice life of a bridge @hreduce the cost of maintenance needed during its lifespan

3.4.1.2 Girder Design

According to the 2008 MassHighway bridge inspection, the girders received a rating bis4

is largely due to multiple collisions with truclkexceedingt h e  1wréical Llearance limit
The impact of the trucks has resulted in a number of berdrgitbat are rotated out of plaiie

the one shown idrigure 13. This has a significant effect on the capability of the girders to

support the bridgdeck; therefore, a rdesign of the girders was investigated

Figure 13: Bent girder from impact of collision

The girders were designed based on ASSHTO specifications and the material properties of the
concrete deckA detaled description and complepeocedure for evaluatintpe girder sizes and
weights may be found in the methods section of this chaptas section focuses on the results

based on thessumed values fdhe girder dimensions and properties listed beloWable 7
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Table 7: Steel girder properties

Weight of Concrete 0.15 | k/ft
Weight of Steel (W36x150)| 0.15 | k/ft®
Flange Width 1.00 |ft
Flange Thickness 0.08 | ft
Web Height 3.00 |ft
Web Thickness 0.05 | ft
Span (L) 131.00] ft
Width of Bridge 60.00 | ft

Thickness of Concrete Slalj 0.67 | ft (8 in)
Thickness of Pavement 0.21 |[ft(2.5in)

Height of Girder 3.00 |[ft(36in)
Number of Girders 8

Dead Load Factor 1.25

Live Load Factor 1.75

It is important to note that the deadatb accounts for the weight of the deck and all other
associated dead loads with the deck design, such as barriers, pavement, utilities, railings, curbs,
chain link fence, end posts and assumed girder weifnom thetabulateddistributed load, the
maximum calculated momesubjected on each girder was found to be 206 Tihe load cases

examined and there resulting maximum moments are includeabie 8
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Table 8: Girder design load cases

Girder Design - Longitudinal Directio n
Max. Pos. Max. Neg. | Max. Pos. Max. Neg.
Case Description Shear (k) Shear (k) | Moment(ft-k) Moment (ft-k)

1 | Uniform Dead Load 81.04 -83.83 1093.52 -620.59
2 | Uniform Live Load 2 Spans 45.8 -44.27 597.44 -339.06
3 | Uniform Live Load 1 Span 32.12 -41.24 298.72 -460.56
4 | Con. Load (Center of 1st Span) 12.81 -18.69 192.4 -419.61
5| Con. Loads (Center both Spans) 21.63 -21.63 384.8 -323.41
6 | Con. Load at Center Support 45.38 -0.12 7.53 -7.48
7 | Combined Cases 1 & 2 125.31 -129.63 1690.96 -959.65
8 | CombinedCases 1 & 3 85.6 -125.07 1392.24 -1075.13
9 [ Combined Cases 3 & 4 35.76 -48.15 405.77 -741.95
10 | Combined Cases 3 & 6 48.64 -28.41 220.9 -325.68
11 | Combined Cases 1, 2, & 4 128.25 -148.32 1883.36 -1300.81
12 | Combined Cases 1, 2, & 5 151.26 -146.93 207576 -1217.73
13| Combined Cases 1, 3, & 4 95.37 -143.76 1584.64 -1434.74
14 | Combined Cases 1, 3, & 5 107.22 -146.7 1777.04 -1347.33
Maximum Factored Values 151.26 -146.93 2075.76 -1434.74

3.4.1.2.1 Governing Check

When designing the girders;onstructioncapacityand deflection checks, a service live load
check and plastic capacity limitations were investigated for composite construétanthis
design,unshored constructios assumed and is thieniting state that governs in all designin
general unshoredconstructionis morea cost effective methodo for the design of the girders
unshored construction was assum8dhce temporary braces are not necessary for unshored
construction, the amount of time and labor involved for construction is red#dsd, because
Interstate 290 runs below the bridge, shoring would cause traffic issues during construction
Since the capacity and deflection for unshored construction typically dictate the sizing for
girders, it was examined fitsfThe minimum required momenbased on unshored construction
and thedesign capacity allowances for each girder size are shown beldabla 9 The PNA
locations found displayed in the table refer to the distance from the top of the flange to the

location of the PNA in inches
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Table 9: Girder Summarized Results

GIRDER PNA|[ Mu (A M, NO. NO. NO.
SIZE STUDS GIRDERS SPANS
W40x199 0 |4184] 5120 224 8 2
2 | 4184|5097 193 8 2
3 | 4184|5034 161 8 2
4 | 4184|4917 128 8 2
W40x211 0 | 4201|5457 238 8 2
2 | 4201 5450 206 8 2
3 | 4201|5394 174 8 2
4 | 4201| 5290 142 8 2
W40x215 0 |[4207| 5504 243 8 2
2 | 4207 5497 207 8 2
3 | 4207 5440 170 8 2
4 | 4207| 5317 133 8 2
W40x235 0 | 4235|5989 265 8 2
2 | 4235]| 6007 229 8 2
3 | 4235]| 5966 193 8 2
4 | 4235|5871 157 8 2
W36x247 0 |[4252] 5816 279 8 2
2 | 4252] 5860 236 8 2
3 | 4252|5825 193 8 2
4 |[4252]| 5708 150 8 2
W36x231 0 |[4229] 5519 261 8 2
2 | 4229|5534 222 8 2
3 | 4229|5479 182 8 2
4 | 4229] 5370 142 8 2
W36x232 0 | 4231|5596 262 8 2
2 | 4231 5610 225 8 2
3 | 4231|5570 188 8 2
4 | 4231 5463 152 8 2
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3.4.1.2.2 Composite Design

Another important concept examined is composite andcoamposite designAs displayed in
Table 9 calculations were performed assuming different locations for the plastic neutridraxis
composite designFrom previos experience and sample @dhtions provided in Appendix,D
noncomposite design was eliminated as an effective solutitsing this design, the girder must
support a significantly larger capacity than with composite desigible 9shows full composite
and partialcomposite design resultwith an adequatewumber of shear studdisted For
composite designhe plastic neutral axis drop®wn from the top of the flange and frofable

9it is clear thathe plastic neutral axis depends on the numbeitwds As the studs decrease,
the plastic neutral axis occurs lower in the cross sect8ince the cost depends on the number
of shear studs, the most cost effective design utilizes a W40x199 with a plastic neutral axis of 4

inches from the top of thedihge

In order to effectively determirtte most efficient girder design, several different girder sizes
with varying weights were analyzedAfter comparing these results, a W40x199 section was
selected for the girderswith this section size, 128 shestuds were found to provide adequate
girder support As shown inTable 9 a W40x199 girder is the lightest section analyz8thce
construction material costs vary by the weightl the number of shear studs, this section costs
the least It can be nted that a W40x199 is larger than the original W50x13B8is is because
increased traffic loadings are more common today ttlteey were in 1958 andASHTO

Soecificationshave been adjusted to meet the new requirements

3.4.2 Substructure Design

According toMa s s Hi g h w aByidges Irspgzdidh &eport for th8elmont StredRoute 9

Bridge, the substructure received a rating .ofBth the piers and the abutments were given an
individual rating of 5 The columns on the piers were looked at fodesign basedn the
teamdés visual i nspection of t h én dxamplel gféghe and t
severity of the corrosion of the columns is showrFigure 14. Large areas of the reinforced

concrete columns (up toféthigh by 3 ft wide by 2ft deep) suffer from severe corrosioBased

on the visual i nspection of the abutments, th

elements were not in immediate need of repair
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Similar to the reinforced concrete deck,hétcolumns are not maintained properly, the corrosion

will eventually cause major issues with the capacity limits of the memiBsisg that columns

are the main members that hold up the weight of the superstructure, it is important that they have
adequat capacity

Figure 14: Extensive column corrosion on Belmont Street/Route 9 Bridge

The design of a simple squafed column was investigated for the bridge piddnlike the

current bridge, the design does not include arharhead pier Hammerhead piers require an
increased area of concrete based on their design, where single square tied columns require less
but are generally larger to substitute for the increased capacity they must .support

3.4.2.1 Column Design

When redesignng the columns for the Belmo&treetRoute 9Bridge, the computer program

RISA 2-D was used to determine the applied axial load on the ends of the col&noms.here,

the columns were designed based only on the axial force subjected on the cbdlantateral
analysis was evaluated and it was assumed that the abutment design would coes&ler th
effects. Unlike the design of the concrete deck slab and the steel girders, the columns were
investigated using hand calculations that may be viewégpendixE. Although a spreadsheet

was not used to determine the selected column size for this project, a spreadsheet was still
created to analyze different column sizes and spaidgmay be used for other design projects.

This spreadsheet mée viewed inApperdix J.
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3.4.2.1.1 Slenderness Check

For the design of unbraced, axially loaded colunting,slenderness ratio dictatdte selected

column size Since the columns were not designed for combined bending and axial forces, the
slenderness ratio is the only necessaryitlistate that was considered. Based on the hand
calculations inAppendix E.a 36 0x360 column was selected. Al

ties were selected for the design, they only made the capacity of the member greater.

3.4.2.1.2 Reinforcement

An important cosideration is the amount of reinforcement required for large columns. Although

the column size may be sufficient based on slenderness, an ACI requirement states that
reinforcement bars must be spaced no less than 6 inches apart.hFer 3 Gquargi€do

col umn, there is a significant amount of e xt
capacity checks regarding reinforcementiowever, when the reinforcement bar size is
decreased, the reinforcement ratio is no longer satisfied. Based on thishfer 36 0 x 36 0 s ¢
tied column, size No. 7 reinforcement bars were selected spaced every 5.5 inches. The ties are

No. 4 and the cover is 2.5 inches.

3.5 Cross Sectional Drawings

Using AutoCAD, drawings were created to show the both the longitudinal and tsmsve
directions based on the proposed steel girders and concrete deckT$labresulting cross
sections may be found Figurel5 andFigure16. The proposed girders were designed as single
span beamsma the resulting section size was a W40x1%8e proposed concrete deck slab was
treated as a continuous span with an 8 inch sldd® reinforcement needed to provide sufficient
capacity was determined to be No. 5 reinforcement bars spaced every 6iinbb#s the top

and bottom of the slab.

Longitudinal Dieschion

4310000

660000 65,0000
Centerine Bearngs Abutment 1 Centerfine Pier Centerdine Bearings Abutment 2

Figure 15: Longitudinal cr oss section of proposeBelmont StreefRoute 9Bridge re-design
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Transverse Direction

60.0000

1.2500—=
~——12.0000 12.0000 12.0000 120000
Lane Lane Lane

T T T T T T T T

7 Spaces @ 8'-0" = 560"

Figure 16: Transverse cross section of proposeBelmont StreetfRoute 9Bridge re-design

3.6 Three Dimensional Model

Using the computer program RISAD, a three dimensional model was created to accurately
depict the proposed 4@esign for the Belmont Street/Route 9 Bridgehe proposed deck slab
with sidewalks, fencing, end pts, and railings is shown KFigure17 while the proposed girders
andcolumns may be found iRigure18 andFigurel19. Lastly, an overall layout of the bridge-re
design is show in Figure20, showing both r@esigned components and current components.

Figure 17: Proposed concrete deck foBelmont StreefRoute 9Bridge re-design
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Figure 18: Proposed oncrete columrs and steel girders forBelmont StreefRoute 9Bridge re-design (View 1)

Figure 19: Proposed concrete columa and steel girders folBelmont StreefRoute 9Bridge re-design (View 2)
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Figure 20: Overall proposed bridge redesign

3.7  Structural Analysis & Design Conclusions

The focus of this section was primarily on the design elements of the Belmont Street/Route 9
Bridge project. The elements analyzed were selected based on structural ratitigs s#fety
inspection report. According to this report, the deck, girders, and columns are in severe condition
and require replacementThese elements were -designed according t&AASHTO LRFD
Specifications The computer applications RIS2D and Microsft Excel were utilized to
simplify the design process. It is important to note that the design of the bridge is only one part
of achieving a sustainable desigihe following chapters investigate several sustainable

alternatives that may be implementecethsure the most feasible design.
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4  Alternative Building Materials & Maintenance

Included in the idea of sustainable design is the option to build with recycled matdiaise
materials generally include Awas teg tathes thane | an
consuming more resources to prodbocand new products that were fabricated especially for the

project The use of recycled materials not only significantly cuts down on the project cost but it
reduces the carbon footprint of the consinrcproject.

Once a bridge is built, care in maintaining it should become a top priokfen bridge

maintenance is neglected, the lifespan of bridges tend to decriBadge maintenance can be
reduced with the application offférent corrosion protgants and sealant®©ther maintenance
strategies such as patching areas of the bridge in need of repair arddsgedhnology and the
ability to test new proceduréscreases, new protection systems banimplemented into the

bridge site to controhie rate otomponent deterioration

4.1 Typical Building Materials

In bridge design there are two main types of material used in construction, reinforced concrete
and steel Separately, reinforced concrete and steel hdesirableproperties for bridges
Concrete is very strong in compression and when used in conjunction with steel its tensile
weakness is compensated. fdWhen used together their properties combine to create a stronger,

more durable structure.

4.1.1 Reinforced Concrete Properties

Concrete isnade from a mixture of cement, coarse and fine aggregates such as gravel and sand
respectively, water and admixture¥he water in the mix reacts with the cement powiker
substance to form an adhesive that bonds the other materials tod@itferent proportions of

the ingredients in the mixture can producgange ofdesired results for durability, strength,
consistency, workability, and density of the materiddefore concrete reaches its required

compressive strength the mixture must harden arelfou 28 days

Plain concrete is fifteen times stronger in compression than inten€iann cr et e 6 s we akn
tension can lead to cracking which can be dangerous when used for constridtien tensile

stresses exceed their limits in concretenmbers, the structure will fail very abruptly giving
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almost no warning Premature deterioratiprwhich can be precipitated by crackingf, the
members that stabilize structures like buildings or bridges can cause the entire structure to

collapse, makinglpin concrete a less than desirable material to use

Modifications in the way concrete is made have created a more effective building matkeal
addition of steel bars molded into concrete, called reinforced concrete is one of the most
dominant builing materials used in engineering construction toddye steel bars are generally
ridged to increase the bond between the concrete and steel and are calle@reliaclusion of

steel bars in concrete members increases the tensile strength of geeammaking the entire
structure stronger and safeAnother advantage of the added rebar is that if the concrete begins
to crack, the steel reinforcements can withstand the tensile forces for an extended period of time
before the entire structure aptly collapses(MacGregor & Wight, 2005) The steel gives

bridge inspectors and engineers time to determine the maintenance required to fix the bridge

without having to entirely close the bridge

In bridge design reinfeed concrete can be used to build components because of its dyrdbility
properly mixed, placed, and curednd relatively inexpensive costComponents include:
wearing surfaces, decks, girders, bracing, abutments, piers, bearings, pedestals,otmads, fo

and piles When reinforced concrete was first used in bridge construction it seemed to function
fairly well until inspectors found that it began to require maintenance in less than five years after
being built(US Departrent of Transportation, 1998)n areas of extreme weather conditions or
extensive traffic wear, cracking of the concrete made the steel rebar more susceptible to fluids
and chemicals which accelerate the corrosion prodeggire 21 shows an example of exposed
rebar in a concrete bridge member when a reinforced concrete component is not maintained
properly (US Department of Transportation, 1998The concrete mix design and structural
detailing ofthe components can play a role in the effectiveness of the degditpen building

with reinforced concrete, it is not only important to understand the properties that make it an
ideal construction material but also how to protect and maintain it to iectieadifespan of the

structure
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Figure 21: Exposed steel rebar in reinforced concrete column (taken frorhttp://www.corrosion-club.com)

4.1.2 Properties of Steel

Structural steel is classified based on chenmdoatpositionand stregth. The four main types of
structural steel include carbon steel, Heaated carbon steel, heatated alloy steel, and high
strength lowalloy steel All types consist of a combination of iron and carb@&tructural steel

is manufactured in a vatie of sizes, shapes, and ASTM strengths for use in virtually any
construction project Typical member shapes include W, MS, S, HP, C, and MGew major
advantages of using structural steel as a construction material include high sseagtth to

weight ratio,ductility, elasticity, toughness and uniform{@rockenbrough & Merritt, 1999)

For bridge construction, Grade 50 and Grade 70 are typical yield strengths for structural
members such as girders, flanges anlicisg elementswhile Grade 36 can be used for
stiffeners, girder connector plates, and diaphrag8secifications provided by state codes and
regulations can determine the type of steel to be used in specific bridge design depending on

location.

Like concrete, steel is affected moisture from the environment arounidygically steel bridge
components such as girders are painted to protect the steel from.rustimgommon for the
painted girders to chip and begin to rust therefore it is diffiaulkeéep the structural steel
protected from corrosion inhibitarfRusting causes the section of steel to be reduced which can

affect the expected durability of the girdefhe same problem occurs with reinforcing steel
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Once the concrete bridge deck atiprotects the steel bars is penetrated, the rebar is exposed to
the same moisture that causes corrosion of the steel seéiiblugh steel is considered a very

durable material, its durability is greatly affected by corrasion

4.2 Recyclable Building Materials

Renovation projects generally include a demolition and construction phase where a massive
amount of waste accumulatesin the past, the waste was simply transportedsioéf and
disposed of in landfills This processeasulted in significant ggenses The new reality of using
recycled materials has considerably reduced the amount of waste proddatstials such as
concrete and steel can be salvaged from decommissioned infrastructure and used to make new

and improved products.

4.2.1 Recycled Steel

Steel is an intrinsically sustainable materiAccording to the Steel Recycling Institute, in North
Ameri ca, it o buy s(BteekTakes LEED with Recygled Cantent, 2008 d 0
The comprehensive system of $tpeoduction is based on the continuous process of recycling
and reclaiming steel productsThe process involves using recycled steel to produce new
products; then at the time when the new products exceed their lifetime, they are recovered and
recycled agin. This ongoing process optimizes the ddfgcle of steel, and ranks it as the most
recycled material in the worldApproximately 95% of steel is salvaged and used to make new
steel The reclaimed steel comes from sources such as automobiles, hdusgpiences, and

structural components

Typically there are two methods to produce steel based on the intended applicatientwo
techniques are the basic oxygen furnace (BOF) and the electric arc furnace (BAF)is
responsible for producingestl for input to manufacturing of items such as cans, household
appliances, and parts for automohil€ghis process uses about-25 percent recycled steel to
produce new productsOn the other hand, the EAF produces steel of exceptional strength and
emgdoys a greater quantity of recycled materialhe electric arc furnace method generates
structural products such as steel decks, beams, plates, and reinforcing@hess products are
produced with almost 9500% reclaimed sted|Steel Takes LEED with Recycled Content,
2005)
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The statistics allude to the fact that steel is economically and environmentally efficient
According to the American Steel Recycling Institute, 2500 pounds of iron, 1400 pounds of coal,
and 120 poundsf limestone are conserved when one ton of steel is recycléérefore the
recycling process conserves energy as well as preserves natural ores and additional materials
which would be needed for productiosince steel is a very durable and lastingemal, it is
necessary to continue extracting natural ore to satisfy overall demand, but not at the same rate
which would be needed if steel could not be recyld Inherent Recycled Content of Today's
Steel, 2007)

4.2.1.1 Types ofRecycled Aggregates for Concrete
Concrete has proven to be a durable and versatile matéfaied types and proportions of
ingredients can be supplemented into the mix design for different purpReeycled concrete

aggregate is generally used fdvase material and fly ash can be substituted in part for cement

4.2.1.1.1 Recycled Concrete Aggregate

The Massachusetts Department of Environmental &tfote promotes the practice cécycling
construction waste The most common solid waste materials causeddryolition of existing
infrastructure are asphalt pavement, brick,
All of these materials can be utilized as aggregates in concrete mix, but recycled concrete
aggregate is generally used as the base maféfadte and Recycling, 2008Recycled concrete
aggregate can be used for applications such as pavement, highway dividers, and bridge

foundations

According to the Federal Highway Association (FHWA) of the United Statiey-thight of the

fifty states employ recycled concrete as an aggregate base in highway pavement pfojects
layout of the states is depictedkigure22, which is an excerpt from a study conducted by the
FHWA. The states in g@en do use recycled concrete as a base aggregate, and the states in red
(ME, NH, VT, MD, AL, TN, MO, HI, AK, MT, ID) do not It is apparent from this study that

Massachusetts is familiar with the recycling process of concrete
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Figure 22: Map of where recycled base concrete aggregate is used (taken from Recycled Concrete Aggregate, 2007)

The concept of converting demolition waste to aggregates presents environmental and
economical benefits In the first respect, recycling halpo preserve natural resources, and
reduces the amount of waste which would usually be transported to landRégarding
renovation projects, concrete from deficient structures can be salvaged and used to make new
products This process is beneficiddecause it reduces cost and smaller quantities of waste
require disposglRakshvir, 2006)

4.2.1.1.2 Fly Ash Concrete

Fly ash is a product which can be added to concrete mix to produce high strength performance
concrete Fly Ash is afossil fuel residue which poses potential negative effects to the
environment It is a byproduct formed from electricity generation, specifically from the
combustion of coal Since coal combustion is responsible for about half of the energy generated
in the United States, the increasing rate of fly ash production and disposal is a widespread matter
of concern(Fly Ash and the Environment, 2009)ating back to 1999, 55 million tons of fly ash

was producedin the U.S, with a total recycled amount of only 9 million ton§he remaining

waste, accounting for twihirds of the total producedvas transported to landfills for disposal

(Fly Ash Concrete, 2008)

Recent mplementation of Iy ash as arnalternative lightweight aggregate in concrete has
converted the byroduct to a sustainable sourcéhe use of fly ash has reduced the amount of
disposed wastes well as reduced the amount of concrete needed to be prodiucad also be

addedin proportion to concrete mixn orderto lessen the amount of cement in the mix design

49



without compromising the strength of the final produdirom an environmental standpoint,
reducing cement production is a significant step towards cutting down greenhoesegEasns

The Portland Cement industry alone is responsible for producing 7% of human produced carbon
dioxide emissiongMeyer, 2002) Carbon dioxide is harmful to the atmosphere and there are

implications that it may coribute to growing trend of global warmirflyleyer, 2002)

Regarding the function of fly ash, it is constituted as a cemmmnditnaterial, or more formally as

a fApozAolpaomr.zwl an is defi ned fawnndusaandglitiosls anc e
materi al t hat f or ms c e me (Fly AswCdndretet 20@8)It shouldr o d u c t
be noted that fly ash is not a direct substitute for cement, and the two materials actually work in
conjunction When water is added to cement, it works as an adhesive paste and also produces a
substance termed Afree | i me. o Wi thout fly as
such as sulfate and negatively affdoe integrity of the concreteHowever, when fly ash is

added to the mix, it chemically reacts with the lime enhancing the adhesiagkessnpressive

strength of concreté-ly Ash and the Environment, 2005)

Figure 23 illustrates tle comparison of compressive strengths of conventional cement concrete
versus concrete containing fly asNotice that the trend is relatively similar until day 56 when
the fly ash concrete gains a significant amount of strengtirthermore, in a year ¢hfly ash

concrete exhibits an increased strength of 1000 psi compared to the typical cement concrete.
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Figure 23: Graph showing increased strength of concrete as a function of fly ash (taken from Fly Ash and the
Environment, 2005
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Fly Ash also has benefits due to its physical propertieis made of tiny particles that resemble
glasslike spherical beadsFl y ash is described agDudtathé ng a
convenient spherical shape, the amount of friction educed which provides for better
workability and eased flowTherefore it is possible to pump wet concrete over longer distances
with less energyFly Ash Concrete, 2008)The miniscule naturef the beads works well to fill

in the voids ofthe concrete Also, the water content of concrete made with fly ash can be
reduced up to 10% because of thib a | | b e .a (Fly Ash and thd Eendgronment, 2005)
Reduced water enhances the qualitylef toncrete A low water to cement ratio concrete is

more durable than a high water to cement ratio concréiberefore theoverall strength,

durability, and reliability of concrete improves with the correct proportions of fly ash

4.3 Maintenance of Highw ay Bridges

Concrete is one of the most widely used materials in construction because of its low cost and the
ability to reuse discarded materials from demolished structures, which reduces the impact of the
material on the environment Reinforced concretés concrete with steel rebar supports
Keeping up with the service and maintenance of concrete bridge components can reduce the
effects of deterioration and increase the overaltdifele of the bridge One of the biggest

issues in maintaining a bgd is the attempt to reduce and control the rate of corrosion of the

steel rebar embedded in concrete.

4.3.1 How Corrosion Occurs

Corrosion in reinforced concrete has become an area of extensive dondeitige engineers as
an increased number of bridges asrahe world are being deemed structurally deficient
Corrosion occurs when steel reinforcements inside the concrete mseimbgin to rust or
deteriorate The corroding steel expandsgusing the concrete surrounding them to crhgkto
the tensile sersses that develop in the concrete like showRigure 24. Corrosion can also

happen on steel components on the bridge like the lateral bracing as shoguré?®5.
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Ingress of corrosive species
(into porous concrete)

Cracking and spalling of the
oncrete cover

Figure 24: Diagram showing how corrosion occurs (taken from http://www.corrosiorclub.com/concretecorrosion.htm)

Corrosion in steel is a loss of electrons that react with water and oxitgercaused by factors

which induce stress directly on the componsath as general wear from everyday traffic
Because concrete is a porous material, extreme temperature fluctuations which cause freezing
and thawing and interactions with chemicals can also accelerate the corrosion rate through a
process called spallingSpalling is the deterioration of concrete when chunks of concrete chip
off and separate from the structur€orrosion tends to occur more commonly in places that

receive high amounts of snowfall annuallalt, which is used as a-tteng technique orthe

road surface, is a common corrosion catalyst when it seeps into worn areas of the bridge deck

-

Figure 25: Example of corrosion on steel lateral bracing of bridge superstructure (taken from
http://minnesota.publicradio.org/collections /special/columns/news_cut)

On a reinforced concrete bridge corrosion problems stem from the. jomtsreas that receive
high amounts of snow and rainfall, the salts used tmel¢he roads, debris and car fluids like
gas and oil can leakto the abutments then down to the backwBkcause there is nowhere for

the fluids to go and no way to dry these areas out, sodium and calcium chlorides from the deicing
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salts seep into the concrete and begin to gradually penetrate the protectivg aodtie steel

until it is destroyed and the steel becomes expogedce the protective coating is removed
environmental conditions such as high temperatures and intermediate levels of humidity and
moisture can lead to increased rates of corrosiSteelstringers and bearing plates are also

affected by this process which leads to intensified corroding.

4.3.2 Impact of Corrosion

When corrosion is not prevented, it can lead to cracking of the concrete as sHeagur&®6.

Once crackg occurs, the concrete component loses strength and will eventually begin to fall
due to the excessive forces being applied.toOnce the rebar is initially exposed, the rate of
corrosion which causes more of the surrounding concrete to. chacthesteel begins to rust, its
strength properties are weakene&fter a concrete component is subjected to cracking, the cost
of maintenance and repair becomes extremely. hiyh alarming 17% (101,518 of 581,862) of

the recorded bridges in the United Stades deemed structurally deficiedS Department of
Transportation, 1998)Although they are not in immediate risk of collapsing, they are, however
creating an increasingly high financial burden on states and local tramispordgencies
Estimated costs to repair the damage caused by the corrosion of reinforcements in concrete
exceed $8.3 billion in the United States annu@fiymani, 2002) Because it is necessary to use
deicing salts on rads to make winter driving conditions safer for travelers, the corrosion

problem on concrete bridges is going to continue to increase.

Figure 26: Heavily corroded reinforced concrete support on the Belmont Street/®ute 9 Bridge
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In an attempt to reduce the economic effects induced by these high maintenance costs, corrosion
control methods, including the use of waterproof protective sealants and alternative non
chemical based protectants is becoming increasingly essential to (Gtitess infrastructure

Standard sealants and spray coatings can release harmful chemicals into iscicertain

chemicals in some sealants can wash away and affect the drainage system on th©hrsitge

accidents including improper storage lmndling of the products could also have a negative
environmental impactl n an attempt to design using Agre:
experimenting with organic materials and alte
on the environm&. The one time implementation of corrosion diversion systems can reduce the

waste generated from the storage and application of sealants and protective.coatings

4.3.3 Protective Sealants

Part of the maintenance of concrete elements includes the aplicHtiprotective sealers
Waterproof sealants help to extend the life span of bridge components, especially the decks
Generally, sealants are applied to new concrete elements because they are not as effective on
components which have already been scigid to deteriorationlf a member has already started

to deteriorate, the coating will not be applied to a smooth surface and will not be absorbed by the
entire area of the membelf the member has begun to rust or flake, the protective coat will be
applied to a surface that will continue to chip.offhis process can result in a huge waste of
money because the coating will not be effective.

4.3.3.1 Linseed Oil

Linseed oil mixtures are an organic alternative to protective sedfeodection with the use of

l inseed oil is an economical met hod used by m
because of their limited budgets and resourcemseed oil is generally applied to a surface
using a type of spray equipmenit is recommended that two coaikthe protectant be applied

to ensure the entire surface is covefelbrris, 1961) There are many disadvantages of using
linseed oil that make it a less than optimal protectant for reinforced concrete bridge components
Compared to other alternatives, structures protected with linseed oil have lower flexure strengths,
increased curing rates, and generally do not last as ldngeed oil is sensitive to UV rays from
direct sunlight which is a problem when used on bridgasare constantly exposed to extreme
environmental conditions such as sunligBashell, 2003)
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4.3.3.2 Resin-Based Mortars

Most sealers react with the concrete by coating the exterior surface of the compsitieah
resinsare different in that they penetrate into the element to create a sealed €Xinias,

1995) A few resinbased mortars that have ideal bond characteristics include epoxies,
polyesters, and polyurethanesResinbased mosdrs must be used with adequate concrete
strengths because if used with a poor quality concrete, the resin will be very costly and not
effective(Perkins, 1997)

4.3.3.2.1 Epoxies

When applied correctly, epoxy resins can be an effegirotection product Epoxies are two
component selbonding adhesives that are injected directly into a cracked ar¢laen the
components are mixed and compared to sections of concrete not affected by corrosion, sections
protected with epoxy coatingspigdly have higher strength valugRkopke, 1982) Fusion

bonded epoxy coated rebars (ECR) are the preferred types of corrosion protectants used in most
states This method has been implemented on over 20,000 reinforcedet®rmidge decks

across the United Statealthough epoxy coated rebar does not completely eliminate corrosion,

it has succeeded in delaying the rate at which the steel rebar corfbdesstimated that in the

last 25 years, the use of epoxy coatdoaren bridge design has saved taxpayers billions of

dollars(US Department of Transportation, 1998)

Developments in the types of alloys and cladding of steel rebar have been applied in an effort to
increase the servicdd of concrete decksAlthough they ensue higher costs, solid stainless steel

316 rebar and stainless steel clad black bars are alternatives that have performed exceedingly
well during corrosion testing Studies on other alternatives such as a combimatf epoxy

coated rebar and corrosion inhibiting admixtures including calcium nitrate have been tested
Researchers continue to test the use of other inhibitors that could be more effective than calcium

nitrate.

4.3.3.2.2 Polyesters
Polyester resins react simiiato epoxy based resins but have a few key differences, some being
advantages over other types of resins while others are disadvantagesobservation is that

polyester resins tend to shrink at a higher rate than epoxies during the curing.prbbess
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coefficient of thermal expansion of polyester resins exceeds that of epoxies by approximately 1.5
times(Perkins, 1997) Because polyester resins experience a high rate of shrinking, they do not
fill a sufficient amount of ta crack gap If the resin does not adequately fill the gap, moisture
can seep through the space between the resin and merSiogre this is not an effective

protective measure, its application can result in a waste of money

Unlike epoxies, the slfelife of polyesters is limited, although the amount of catalyst used in
polyesters does not require as high of a percentage of measurement accuracy as €poxies
ensure the most effective use of polyester resins, a primer should always be use@ sincegh

of polyester is dependent on the amount of moisture préRerkins, 1997)

4.3.3.2.3 Polyurethanes

Like most sealants, there are a variety of types of polyurethane sealants that are used for different
purposes Polyurethaes are commonly used to seal joints on bridgegew of the most notable
characteristics of polyurethane sealants are their resistance to abrasion, impact and chemical
attack, flexibility, and their ability to bond well to concrete and mortar with difaces

4.4  Non-Chemical Alternative Corrosion Protectants

In an effort to become more environmentally friendly and sustainable, methods for reducing
corrosion without the use of chemical based substances have been. criglatey of these
methodsinclude exploring the effectiveness of using completely organic corrosion sealants
These methods range from increased wearing surface covers to the use-coirrosive

materials such as fibeeinforced polymer

4.4.1 Increased Concrete Cover Thickness

Onre idea to prevent corrosion of a concrete wearing surface of a bridge is to increase the
thickness of the coverThis involves simply placing another concrete slab over thexisting
corroded slab This technique has many disadvantages including tagits and safety factors
involved in raising the height of the roaddnless engineers can calculate the rate at which the
concrete wearing surface is going to corrode, it is hard to predict an offset for the initial slab
thickness This creates an issue accounting for increased thickness of the cover as a part of
routine maintenanceBy adding a layer of cover, the weight of the wearing surface will increase

This will affect the moment of the slab and can have significance in the maximum capmcities

56



the original bridge components, especially if some of the other original bridge components are

experiencing different levels of failure

4.4.2 Cathodic Protection

The use of @thodic protection systems on bridge decks have become a fairly routine
rehabiltation technique in bridge maintenance due to improved applications based on extensive
research and development of durable anodes, monitoring devices, and installation techniques
Corrosion occurs at anodes through electrochemical reactions triggechtbbgtes, oxygen and
moisture A low-level electrical current is generated at the steel surfddee area where the
current leaves the steel and enters the concrete is called an drfeelspot where the current
leaves the concrete and returns badhéosteel is called the cathod€orrosion occurs once the

rust occupies more volume than the original protected steel rebar which causes tension forces in
the concrete Being that concrete is weak in tension, cracks develop in the concrete; the cracks

expose the steel, which further accelerates the corrosion process.

The process of &hodic protection offers a way to shift the electric currents provided to an
external current source to counteract the corrosion curfEms process is meant to stop,ai

least slow down and control the electrical current that causes concrete coriiséva are two

main types of @thodic protection, energy demand versus material consumption systems
Impressed currentathodic protection involves inserting a lowltaege direct current into the
reinforcing steel through the concrete from a motionless anode mat€halgalvanic systems
process uses metal like zinc to function as a sacrificial anode that protects the steel rebar

(Scannell&k Sohanghpurwala, 1993)

4.4.3 Composite Materials

As advances in uses of composite materials in building have become more popular, opportunities
to design with noftorrosive materials have become an admired possibilgsigning with
composite materia have many advantages over traditional building materials including, a higher
strength to weight ratio, a more effective stiffness to weight ratio, ability to resist chemical
attacks, and more flexible custom design featui@enstructability, Maintainability, and
Operability of FibetReinforced Polymer Bridge Deck Panals, 2004)
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One example that has been researched and implemented on an actual bridge design is a fiber
reinforced polymer bridgeThis bridge uses a prdfacated plastic grid in the concrete deck in
place of the steel rebharThe plastic material is resistant to corrosion and more durable in the

winter months

4.5 Summary

The in depth background research will aid in the analysis of choosing apf@opé&terials and
protectants for the design of the bridgéhoices will be based on cost, availability, efficiency,
and value to sustainabilityThe results section illustrates the many factors that are incorporated
in the decision making process.

4.6 Results: The Implications of Recycling

This section focuses on the implications of sustainability through recycliRggarding
construction projects, recycling can occur during demolition and construction phases
Therefore, the analysis will be split into p&afor implementing recycled materials into the
design for construction and recycling the existing components of the withstanding bridge

The sections discussing recycled materials are:
1 Steel Selection
1 Concrete Mix Design
1 Supplier Selection based on lation
The actual procedure of recycling the bridge components will be addressed in:
1 Economic Benefits of Recycling
1 Waste Management Plan

4.6.1 Steel Selection

After conducting background research albmeat/cled steelt is concluded that steel is inherently

recycled Therefore, steel and recycled steelare essentially synonymausAs discussed
previously the Electric Arc Furnace (EAF) reconstitutes steel scraps to comprise new structural
products This technology also makes it possible to achieve highengitresteel and
approximately 95% of the steel used for this process is reclains&ice new products are
generally fashioned from steel products at the end of their lifetime, the steel girders from this
project could be provi ceaepprovedstea distribuborse of MassH
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4.6.2 Concrete Mix Design

The process of creating a concrete mix is a science and abcetrete mix can be comprised of
different ingredients and varying proportions of the ingredients to achieve desired properties
Innovatve mix designs incorporate recycled materials to enhance the overatlydife
efficiency of the concrete, and to reduce the impacts on the environment.

In 1998, the Danish Centre for Green Concrete was established in Denmark based on the fact
that concete is a very popular building material, but traditional concrete production has negative
effects on the environmentThe Danish Centre for Green Concrete is a united effort of many
prominent businesses and universities to remediate the negative efffeaterete and formulate
ways to make ¢ oncr Recanmendatiogsrfoe annenviropmeotally faendly

mix design are shown iRigure27.

The following criterion for Agr eeentefonrGreen desi g
Concrete:

A CO2 emissions shall be reduced by at | east

A At Il east 20 % of the concrete shall be resi
A Use of concrete industry's own residual pr o
A Use of new types olylandfdes ordispased opim othdrways.s , pr ev

A Gr@atral, wastalerived fuels shall substitute for fossil fuels in the cement production by at
least 10%
(Dundee, 2002)
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« Sewage sludge
Residual products from incineration ash
other industries, m== | . Fly ash from biofuels

t

Residual products from - « Stone dust

Z the concrete industry « Concrete slurry
Conventional concrete

conventional cement, * ;

fly ash and micro silica
Conventional cement, . « Large quantities of
fly ash and micro silica fly ash

tV

* Mineralised cement

Cement with reduced ) : =
environmental impact . Iﬁ'::;fﬂﬁ::: w:?s

Figure 27: Recommendations fo environmentally friendly mix design (taken from Dundee, 2002)

The Danish Centre for Green Concrete incorporated byproducts like fly ash into various mix
designs and conducted a pilot study to determine the reSdtse of the ingredients included in

the designs included fly ash (FA), sewage sludge incineration ash (SSIA), Silica fume (SM),
superplasticizer (SPT), and cement with reduced environmental impact (CREPnix design

proportions are shown in tHegure 28.

AR A0 Al A3 AS A6
Reference CREP 40 % FA + 10 % S5IA + Concrete 50 % stone

CREP CREP shurry dust

Cement, 288 287 189 277 398 397

kg/m”

FA kg/ m’ 34 32 137 - -

SF. kg/m’ 17 17 18 17 - -

SPT.kg/m® - - 3.4 32 4.0 6.8

Equiv. wic 045 0.47 0.46 045 0.38 0.37

Figure 28. Green concrete mix designs (taken from Dundee, 2002)
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Each mix was tested and compared to the reference concrete which is a typical concrete mix
design The concrete mixes were examined for workability, compressive streaigtigntent,
uded

of a green concrete show that these do not differ significantly from the mechanical properties of
t he

elastic modulus, density, and settingtimleh e r esul t s concl t hat

ref er e nuedeec 2002} KFigere 29 sl@pictsthe assessed environmental and

compressive strength goals.

Aggressive environmental class

Name AQD Al A3 A5 A6
CREP 40% FA+ 10 % SSIA+  Concrete slurry 50 % stone

CREP CREP dust
s Own residual product - - - V i
* New type of residual - - v - v

product
¢ Waste-derived fuels v v V V i
Environmental v W Wastewater Y V
intentions quality?
(Zn, Pb, Cu,
P;0s5)

Compressive strength
28-day, MPa 514 58 58 64 62
56-day MPa, (% of 58 61 68 68 63

reference concrete) (112) (117) (130) (130) (121)

Figure 29: Environmental and compressive strength characteristics of concrete mixes (taken from Dunele2002)

Results from the table show that the concrete mixes met the goals for environmental benefits,
and 28day and 5&lay compressive strengthd'he green design concretes have significantly
higher 56day compressive strength than the reference canchdt of the mixes exceeded the
compressive strengths of a typical concrete.nike analysis proves that concrete can be made
with recycled materials without compromising the strength and durability of the conditate

study can be used as a framekvehen proportioning recycled concrete aggregate mixes.

4.6.3 Supplier Selection Based on Location

In order to determine whether it is feasible or not to use recycled base materials, it is necessary to
investigate if local concrete producers offer such produsisce MassHighway has jurisdiction

over the reconstruction of tHgelmont Street/Route 9 Bridge contractors need to be qualified,
and it is an advantage to have experience with MassHighway projects in thé&arexample,
Aggregate Industries is thelosest approved subcontractor offering concrete with recycled
aggregates They were responsible for supplying the concrete for local MassHighway projects

such as the Worcester Viauct and the Reconstruction of th€290 Bridgeover Brosnihan
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Square/ MA146 (MassHighway, 2006)Aggregate Industries has two plants in Worcester, as

well as plants in North Grafton, Millbury, Berlin, Charlton, Littleton, and Lunenbuig

addition t o c oacoept end eecygel ogen 208,000 thne gf caimcreth eag e ar 0

(Aggregate Industries, 20Q9) Aggregate Industries has 12 recycling divisions located

MassachusettsFigure30 pinpointsthe locations of the recycling plants is presented below.
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Figure 30: Map of Aggregate Industries Recycling Divisions (taken from Aggregate Industries, 2009)

Furthermore, Aggregate Industries recycled based products are approved by MassHighway

They have the ability to make recycled base concrete for structural purpdseanancorporate

the recycled fly ash byproduct into reaahyx concrete Ultilizing recycled products from

Aggregate Industries fAcan

(MR 4.1 & 4.2) and Local / Regional Matdéa(MR 5.1& MR JAg@eégdte Industries,

2009)

contr

but e

v al

uabl

For the purpose of this project Aggregate Industries seems to be the best option for producing the

recycled based concretélfhey are a company who is striving for innovative desigd have

experience with sustainable productdso, supplies are readily available at local plant locations

which will cut down on emissions created by transportation.
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4.6.4 Economic Benefits of Recycling

The Massachusetts Department of Environmental Prote@assDEP) conducted a Case Study

in 2003 in order to determine the economic and environmental benefits associated with recycling
construction debris The Case Study concentrated on the demolition and reconstruction of the
Douglas School, located in Ddag, Massachusetts his project is of special interest because it

is located approximately 20 miles from Worcester, .M8ince the Douglas school is located
within close proximity to the Belmont Street/Route 9 Bridge then the recycling cost and the

recyding methods should be comparaliBrireau of Waste Prevention, 2003)

Consigli Construction Inc., located in Milford, MA, was the primary contractor for the project
Employees of Consigli worked in conjunction with MassDEPspnnel to create a cost benefit
analysis of recycling The primary materials recycled were concrete, metal, wallboard,
cardboard, and woodrigure 31 depictsthe amount saved by recycling each material is depicted
below. The recycling costs presented from the table come are due to equipment and separation
charges Disposal rates may have changed since 2003, but the case study is still a valuable

referencgBureau of Waste Prevention, 2003)

Figure 31 Cost savings due to source separation and recycling (taken from Bureau of Waste Prevention, 2003)

It is apparent from the table that recycling construction materials is a better alternative than
disposing the debris into ldfills. According to the @se Study, waste was reduceto by
weight and $31,812 was salvaged by recycling alor&nce recycling 285 tons of concrete

results in a savings of $22,800.00 then recycling one ton of concrete approximately saves $80.00
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