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Abstract  

Based on inspection reports provided by MassHighway, the Belmont Street/Route 9 Bridge has 

three bridge components deemed deficient . The deck slab, girders, and columns were re-

designed using AASHTO specifications and LRFD design. Additionally, sustainable bridge 

design aspects were examined including alternative building materials, maintenance protection, 

stormwater management, and transportation and urban planning. Lastly, a life-cycle cost analysis 

considering the re-designed 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, ñstudents must be prepared for engineering practice through the curriculum 

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; sustainability; manufacturability; ethical; health 

and safety; social; and politicalò (Criteria for Accrediting Engineering Programs, 2007).  In 

compliance with this requirement, the project will consider economic, environmental, 

sustainability, constructability, ethical, and health 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.  In order to ensure that the project stays 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 life-cycle cost analysis of building materials to examine typical 

costs associated with bridge construction.    

Environmental  

In recent years, environmental impacts have become an increasing concern, especially in the 

field of engineering and construction.  It is becoming more of a necessity to protect the 

surrounding natural environmental to prepare for a sustainable future.   In doing so, the project 

team will consider the use of recyclable materials that can be incorporated in bridge designs.   

Often materials such as concrete and steel can be salvaged from the demolition of existing 

structures and reused in a new design or rehabilitation operation.  The 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 promote economic growth 

while conducting practices that benefit the environment.  When considering sustainability, the 
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project team plans to analyze the expected life span of the bridge, as well as include innovative 

sustainable alternatives to reduce the carbon footprint.  This will be accomplished by 

investigating beneficial stormwater management practices.  Additional sustainable aspects that 

will be explored include the feasibility of various maintenance systems and the use of recycled 

adaptations of traditional building 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 materials.  It is also 

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 most practical design.  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 ethics, civil engineers are obligated to ñuse their 

knowledge and skill for the enhancement of human welfare and the environment; be honest and 

impartial and serving with fidelity the public, their employers and clients; strive to increase the 

competence and prestige of the engineering profession; and support the professional and 

technical societies of their disciplinesò (Code of Ethics, 2006).  With this in mind, it is the goal 

of the project team to construct an innovative, modern solution that is economically and 

ecologically advantageous by applying the fundamental civil engineering principles studied at 

WPI.   

Health & Safety 

The most important parameter when re-designing the bridge will be safety.  Although, cost and 

sustainability are negotiable 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 analysis.  In the guidelines provided by the LFRD design specifications, factor of 
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safety values will be incorporated in the calculations to ensure the structure is built to 

accommodate uncertainties in the design process.  Prior to construction, the project team will 

propose a traffic control plan to provide a safe environment for workers and travelers.      
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1 Introduction  

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

in our society, the next generation of structural engineers must consider the life-cycle of the 

bridges, stadiums, office buildings, and residential houses they design.  Since much of our 

surrounding environment is overcrowded 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 

projects that deal with the reconstruction of an existing bridge or the construction of a fully 

functioning day care center.  These reconstruction projects are often complicated and generally 

require careful consideration of intricate restrictions of the urban environment.  Incorporating 

concerns of sustainability and cost poses an even greater challenge in finding appropriate 

solutions to these limitations. 

 

For building construction, the Leadership in Energy and Environmental Design (LEED) has been 

developed to encourage and accelerate global adoption of sustainable green design and building 

practices.  The Green Building Rating System has been created to establish criteria that rates 

building designs on their performance and efficiency based on the use of more sustainable 

materials and construction methods.  According to the U.S. Green Building Council, LEED 

promotes an environmentally responsible building approach, recognizing performance in five 

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

energy efficiency, materials selection and indoor environmental quality.  There are both 

environmental and financial benefits to earning LEED certification.  LEED-certified buildings 

aim to ñlower operating costs and increase asset value, reduce waste sent to landfills, conserve 

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 cities, and demonstrate an ownerôs commitment to environmental stewardship and 

social responsibilityò (LEED Project Certification, 2008).   

 

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

designed, there is yet to be a breakthrough to create similar building standards in bridge 
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engineering.  A guideline to building ñgreenò bridges can be established by evaluating the use of 

recycled materials and bridge component protectants to reduce maintenance, and the 

implementation of systems that benefit the local community.  Chicago, IL has received 

recognition in taking initiative in being one of the first cities to design an Eco-Bridge.  The semi-

circular bridge design creates a harbor-side green space for inhabitants and wildlife.  The 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 environmentally safe 

shelter for fish and other marine wildlife.  The design also includes the addition of wind turbines 

to create natural energy for the city.  Chicago has taken the first steps toward creating a standard 

for ñgreenò design in bridge construction similar to the LEED certification in building 

construction.    

 

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

reduce the amount of future maintenance.  Investigating the use of recycled materials, like pre-

existing concrete waste from another project, or the use of materials considered ñwasteò can have 

a positive environmental impact as well as a financial impact.  In Maine, a bridge was re-

designed using old, shredded tires and geotextiles on the roadbed and reusing existing bridge 

railings and guardrails from highway bridge reconstruction projects rather than building with 

brand new material.  The use of the recycled material reduced an estimated $10 million project to 

only $1.3 million and created a use for the otherwise considered waste products (Recycled 

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 structure.  With the 

advanced technology and testing capabilities available today, methods to mitigate the electric 

current that flows through the steel reinforcements have been developed.  These 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 steel.  Although this process is generally more costly than 

typical sealants, a life-cycle cost analysis may suggest that it is worth using to defer high 

maintenance costs in the future by repairing individual components on an as-needed basis. 
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As sustainable design becomes more popular in new construction, bridges can serve more than 

the traditional purpose of transportation of people and vehicles.  Innovative systems like 

rainwater collection and storage systems or wind turbines as previously mentioned in the 

Chicago Eco-Bridge 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 hospitals.  The addition of wind turbines on a bridge uses 

wind power to create and store energy.  This can then be transferred to form a natural alternative 

that produces electric power.  These systems are usually more costly but the long term benefits to 

the people of the surrounding areas outweigh the high initial 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 evident.  Various experiments 

testing the capabilities of recycled materials in construction are continuously being conducted to 

attain more sustainable alternatives.  Life-cycle cost comparisons of the different methods of 

maintenance reduction allow engineers to determine the cost effectiveness of traditional 

protectant sealants versus the implementation of protective systems.  The overall goal of 

sustainable design is to decrease the carbon footprint by creating a structure from materials that 

have been or can be reused.  Using effective methods to preserve the structure also reduces high 

maintenance costs to keep the bridge structurally stable.  Sustainable design also allows the 

possibility of investigating and offering environmentally friendlier benefits to the community.     

 

The aim of this project is to investigate the process of designing a typical highway overpass with 

sustainable construction alternatives, including the design of key components of the 

superstructure and substructure.  Figure 1 shows the specific sustainable alternatives that will be 

implemented in the design to create a more sustainable and long-lasting 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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Figure 1: Conceptual model of the key components of 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 the Belmont Street/Route 9 Bridge.  The chapter gives insight into what 

factors constitute a bridge as structurally deficient as well as discusses the role of the 

Massachusetts Highway Department in bridge projects.  Combined, these topics provide all 

significant information necessary for the execution 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 overpass.  The use of 

recycled materials during construction, different methods of maintenance, the addition of a 

rainwater harvesting 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 of 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 the Commonwealth.  The spectrum of bridges includes 2,900 owned by 

MassHighway, and 1,500 municipally owned bridges.  In order to ensure efficient operations, 

MassHighway has divided the state into five districts.  Each district is responsible for projects 

which fall within the respective region.   The main office is located in Boston, MA which is 

designated as district one (MassHighway, 2006).    

2.1.1 Bridge Inspection Unit  

MassHighway has an internal division known as the Bridge Inspection Unit which concentrates 

on safety inspections and load ratings of bridges.  Bridge inspection is part of maintenance and 

has impact on repair, rehabilitation, and new bridge construction.  This unit is presided over by a 

District Bridge Inspection Engineer who works directly with Boston Headquarters personnel to 

obtain information about bridges of interest.  The unit assesses the condition of existing bridges 

and formulates Structure Inspection Field Reports for each bridge.    

 

In this report, components of the deck, superstructure, and substructure are scored according to a 

Condition Rating Guide.  Rating is based on scale of 0-9 with ñ0ò meaning the component has 
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failed and ñ9ò meaning the component is in excellent condition.  In addition to the condition 

ratings, levels of deficiency are evaluated for each component.  The rating criteria can be 

referenced in Table 1 & Table 2.    

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 loss, deterioration, spalling or scour. 

3 Serious Loss of section, deterioration, spalling or scour have seriously affected primary structural 

components.   Local failures are possible.   Fatigue cracks in steel or shear cracks in concrete 

may be present. 

2 Critical Advance deterioration of primary structural elements.   Fatigue cracks in steel or shear 

cracks in concrete may be present or scour may have removed substructure support.   Unless 

closely monitored it may be necessary to close the bridge until corrective action is taken. 

1 ñImminentò  

Failure 

Major deterioration or section loss present in critical structural components or obvious 

vertical or horizontal movement affecting structure stability.   Bridge is closed to traffic but 

corrective action may put it back in light service. 

0 Failed Out of service- beyond corrective action. 

 

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

Deficiency:  A defect in a structure that requires corrective action. 

M Minor Deficiency Deficiencies which are minor in nature generally do not impact the structural integrity 

of the bridge and could easily be repaired. 

S Severe/Major 

Deficiency 

Deficiencies which are more extensive in nature and need more planning and effort to 

repair. 

C-S Critical Structural 

Deficiency 

A deficiency in a structural element of a bridge that poses an extreme unsafe 

condition due to the failure of the element which will affect the structural integrity of 

the bridge. 

C-H Critical Hazard 

Deficiency 

A deficiency in a component or element of a bridge that poses an extreme hazard or 

unsafe condition to the public, but does not impair the structural integrity of the 

bridge. 

Urgency of Repair 

I Immediate Inspectors immediately contact DBIE to report the deficiency and to receive further 

instruction from him/her 

A ASAP Action/repair should be initiated by District Maintenance Engineer upon receipt of the 

inspection report. 

 

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

and/or manpower is available. 
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2.1.2 Bridge Project Development Team 

Once the inspection report is complete, the Bridge Project Development team reviews the 

essential information.  The Bridge Project Development team is mainly responsible ñfor 

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 scopes of workò (MassHighway, 2006).  As far as 

determining scope of work, the Bridge Project Development Unit first begins by classifying 

projects as necessitating full replacement, rehabilitation, or preservation.  Priority is based 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 project.  MassHighway has an internal 

division known as the In-House Bridge Design Unit which is in charge of preparing load ratings, 

structural calculations, and bridge plans.  This group works from the inspection report as input to 

the calculations for existing bridges.  Engineers in this unit are also in charge of revising 

MassHighwayôs Bridge Manual and Standard Specifications for Highways and Bridges.  They 

are currently in the process of converting from Allowable Stress Design (ASD) to the American 

Association of State Highway and Transportation Officials (AASHTO) Load and Resistance 

Factor (LRFD) Bridge Design Specification (MassHighway, 2006). 

2.2 Case Study ɀ 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 traveled bridges in the entire 

state (100 Busiest Structurally Deficient Bridges).  Bridges deemed structurally deficient are of 

high priority for maintenance.  A local overpass of specific concern, shown in Figure 2, is the 

Belmont Street/Route 9 Bridge (W-44-094) which spans over Interstate-290 located in 

Worcester, Massachusetts.  MassHighway plans to reconstruct the bridge in the year 2011. 
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Figure 2: The existing Belmont Street/Route 9 overpass 

The Belmont Street/Route 9 Bridge was constructed in 1958 and slightly modified in 1990.   

From the figure above, it can be viewed that the bridge is a simply-supported two-span structure 

with steel stringers and a concrete deck.  The interior pier and abutments are also made of 

concrete and the wingwalls of the abutments are cantilever type.  There are two spans extending 

64ô-0 ıò and 66ô-0 Ĳò.  Each span is supported by 8 stringers spaced 8ô-0ò on center.  The 

bridge is well-traveled since it is a connection to Interstate I-290 as well as the fact that UMass 

Medical Center is positioned on the easterly side of the bridge.  It consists of four lanes of traffic 

along with 6ô sidewalks for pedestrian travel.  It is responsible for transmitting an average daily 

traffic count of 31,000 vehicles which makes it one of the busiest bridges in Massachusetts.  The 

bridge also has minimal clearance over Interstate I-290 and is posted for load restrictions of 20, 

25, and 40 ton vehicles (MassHighway, 2006). 

2.2.1 Recorded Bridge Accidents  

On December 8, 1987 an over height truck travelling on Route I-290 crashed into the Belmont 

Street/Route 9 Bridge.  The vehicle struck the superstructure on the easterly span of the bridge.   

Then again on August 18, 1994, a truck exceeding height requirements crashed into the bridge 

stringers.  After the second collision MassHighway conducted an Accident Inspection Report in 

1994.  It stated that the bridge superstructure was ñgenerally in good condition with the 

exception of three stringers and related diaphragms that suffered collision damage.ò  It 

recommended that ñthe girders be examined more closely to determine if straightening the flange 
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displacements is possible.  In addition the damaged diaphragms should be repaired/replacedò 

(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 replaced.  Ratings are determined by a formula which takes into account ñstructural adequacy 

and safety, serviceability, and how important the bridge is to a smooth flow of trafficò   (100 

Busiest Structurally Deficient Bridges).  Regarding the Belmont Street/Route 9, the AASHTO 

rating of sufficiency is 35%.  MassHighway has placed the bridge on a five year replacement 

program plan and the bridge is inspected routinely.    

 

Factors such as the age of the bridge, high traffic volume, and the effects of the collisions, 

greatly contribute to the present deficient rating.  As stated in the Bridge Inspections Unit 

Section, Engineers at MassHighway score components of the deck, superstructure, and 

substructure from 0-9, as well as note the levels of deficiency and urgency of repair.  If one of 

the sections averages to a four or less, the bridge is considered as structurally deficient.  The 

reason why the Belmont Street/Route 9 Bridge is categorized as structurally deficient is because 

the superstructure is rated as condition 4.  Also, the deck and substructure of the bridge are rated 

5 according to the most recent Structures Inspection Field Report conducted June 26, 2008.  An 

excerpt of the 2008 Structures Inspection Field Report is located in Figure 3 (the complete report 

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

2.2.3 Re-Design of Bridge  

The re-design of the bridge is supported by the Central Massachusetts Metropolitan Planning 

Organization (CMMPO) and funded through the 2010 Transportation Improvement Program.   

Since the bridge is designated as structurally deficient, federal funding constitutes 80% and state 

funding 20% of the project cost.  The estimated cost of construction is $6,627,470.00.  In respect 

to the general contractor of the project, MassHighway will compile a list of interested bidders 

and the project will be awarded to the lowest qualified bidder (MassHighway, 2006). 

2.3 Sustainable Design 

As the emphasis on sustainable design in building is becoming more prevalent, different 

approaches to building a more sustainable bridge are being investigated.  Transitions 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 structures.  Because 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 coatings.  Part of a 

sustainable design includes implementing a system or process that can be beneficial to the 

surrounding environment and inhabitants.  During the construction of a new design, detouring 

traffic routes can create problems in developed urban areas.  Alternative traffic patterns can be 

determined to minimize the inconvenience to drivers 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 utilizing traditional building materials to recycled materials is a major 

component of sustainable design.  Recycling 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 products.  The most commonly recycled materials 

in bridge projects are steel and recycled concrete aggregates which are used to make steel girders 

and concrete decks or piers.  Overall, the implementation of recycled 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 structure.  When designing a bridge 

engineers take certain measures to create a design that will be durable and involve a minimal 

amount of maintenance.  Epoxy coated rebar is often used because to protect steel reinforcement 

because it is very economical.  The coating on the rebar protects the steel from fluids and 

chemicals that seep into the concrete and contribute to the corrosion of the steel.  Engineers 

conduct continuous experiments with other methods of protection to find more effective 

processes.  An example of a newly popular method is Cathodic protection.  This involves a 

system that can be implemented in a bridge design to control and slow down the electric current 

that causes corrosion.  Although 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 techniques have proven to be more effective in 

increasing the service life of the structure.  The goal of many scientists and engineers has been to 

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

which reduces the cost of continuous 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 corrosion problems and can accelerate the deterioration of a bridge.  Simply 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 standards and assessment of the current 

stormwater management system is necessary in order to determine the parameters and constraints 

of the region.  Detailed research of innovative stormwater management practices is also 

important so that the most practicable, sustainable solution or alternative is 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 area.  Prominent regions of concern include the location of the project, who 

the project will affect, and the constraints of the project.  In bridge design especially, one of the 

most important influences during construction is the surrounding traffic.  For instance, in heavily 

populated areas, professionals need to consider re-routing traffic prior to construction so that the 

surrounding area can still function at a normal rate.  Thus, the project team will identify the 

different services that are available along with any procedures or methods to conduct traffic 

studies and evaluate the traffic flows over major bridges.  More specifically, the project team 

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

Belmont Street/Route 9 Bridge in Worcester, Massachusetts.     

 

When evaluating the area of interest, the following will be considered to determine the most 

effective alternative construction route: 

¶ Research similar detour projects 

¶ Obtain traffic count based on area of interest 

¶ Gain understanding of site surrounding 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 solution with MassHighwayôs suggestions  
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The proposed traffic route will consider both constructability and safety.  One factor of the 

constructability of the project relies upon the location of interest and the traffic flowing through 

the construction site.  Since the area surrounding the Belmont Street/Route 9 Bridge is heavily 

traveled, traffic routes must be altered to ease the constructability of the project.  Also, 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 Bridge.  Since this 

bridge is located in the commonwealth of Massachusetts, MassHighway is responsible for both 

the re-design and maintenance.  Part of their role is to perform routine safety inspections to rate 

the components of the structure.  This is often completed by an internal division known as the 

Bridge Inspection Unit.  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 

maintenance.  Thus, given the need for re-design, the main objective of this report is to achieve a 

sustainable design that addresses alternative building materials and maintenance; stormwater 

management; and transportation and urban planning development.  These factors, along with the 

investigation of the design components, will be factored 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 considered.  For a highway 

overpass the first step is to layout the site by surveying and mapping the land.  Highway design, 

structural design, geotechnical engineering and hydraulic engineering should all be taken into 

consideration during the design process.  Structural engineers, however, are only responsible for 

the design of highway overpass bridges.  The bridges are broken up into two different sections: 

the superstructure and the substructure.  Figure 4Error! Reference source not found. shows 

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

the engineer when designing the bridge is to build the safest bridge.  Engineers attempt to select 

the most economical building materials and effective component designs that suit the location of 

the bridge construction.    

 

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

3.1 Superstructure Design  

The superstructure consists of all bridge components located above the supports.  From top to 

bottom, this includes the wearing surface, deck, primary members and secondary members as 

shown in Figure 5.    

 

Figure 5: Components of superstructure 
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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 life-cycle of a bridge increases, 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 added.  Figure 6 shows the wearing surface on 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 to corner.  The 

deck can be described as an extension of the road across the bridged area.  It can rest 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 bending.  In bridge design, 

girders are typically made from steel or prestressed concrete.  For steel bridges, wide flanges like 

I-beam type girders are most commonly used.  There 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 members.   The secondary members 

provide the lateral bracing between the primary members.  The secondary members are 

important in the superstructure design because they help resist the deformation of 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 consists of bridge components as shown in Figure 

7 which act together to support the superstructure.  The substructure acts as the foundation to the 

structure.    

 

Figure 7: Components of the substructure 

3.2.1 Abutm ents 

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 overpass.  Depending on the function and location of the bridge, there are many 

different types of abutments that can be considered for bridge designs.  Abutments are generally 

made of reinforced concrete. 

3.2.2 Piers 

Piers are the structures that hold the bridge up at intermediate points along the span between the 

abutments like the example shown in Figure 8.  As the span of the bridge increases, so does the 

need to include more piers for support in the design.  When the design is only one span, a pier is 

not needed for extra support.  Similar to abutments, there are many different types of piers to 

choose from when designing a bridge.  The typical building material used in piers design is 

reinforced concrete.   
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Figure 8: Concrete pier on the Belmont Street/Route 9 Bridge 

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 movements 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 

earthquake 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 superstructure.  The bearing 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 name, stem.  It 

is the primary component in retaining abutments.  The wingwall is the extension of the abutment 

backwall to the sides of the bridge.  Its purpose is to retain and laterally support the earth located 

behind the abutment.  An example of wingwall and backwall components is shown in Figure 9.    
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Figure 9: Example of the wingwall and backwall on Belmont Street/Route 9 Bridge 

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 extensions from the footing into the ground.  The 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 MassHighway for the Belmont 

Street/Route 9 Bridge, the concrete deck, steel girders, and concrete columns were deemed 

insufficient.  The process for re-designing these components to meet capacity is addressed in the 

following section.  The role of the structural design computer program RISA 2-D, as well as the 

use of spreadsheets proved to be an essential part of the process for determining axial loads, 

moment and critical design parameters for design.  Flowcharts outlining the procedure to 

determine sizes and spacing for each of the three designed components are provided below.  

Lastly, the procedure for creating the cross sectional drawings and three dimensional model is 

presented.  

3.3.1 MassHighway Visit  

Initially, the project team planned a meeting at MassHighway District 3 with a representative 

from the Bridge Department. Besides researching the Belmont Street/Route 9 Bridge, the project 

team also established important contacts, in case interviews, questions, or requests for further 

information or assistance were necessary later on in the project.  MassHighway provided 

inspection reports, specifications, and portions of the initial design process.  The inspection 
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reports from both 2007 and 2008 ranked the bridge components, showing the degree of 

sufficiency for all aspects of each component.  Based on this report, the project team found the 

concrete deck, steel girders and concrete columns to be deficient.  Therefore, it was determined 

the re-design would focus mainly on these three key components. 

3.3.2 Standards 

All calculations, assumptions, and tabulated values were taken from the AISC Steel Manual, 

MassHighway Specifications, and ASSHTO Specifications to 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 RISA 2-D 

The first step to designing the bridge components was to learn and utilize the structural design 

computer program RISA. This program was used to evaluate the moment for the continuous 

concrete deck and single span steel girder designs. As necessary, the dead load on the girders 

differed from the dead load on the concrete deck and was altered accordingly. For the girder 

design several load cases were superimposed in RISA to reflect the worst case scenario, creating 

a moment appropriate for design. The following load case shown in Figure 10 provides the 

maximum moment subjected on the girder which includes a concentrated live load and uniform 

live load. 

 

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, refer to Appendix F. 

3.3.4 Calculations  

Continuing with the design process, flowcharts were developed outlining the overall process for 

calculating sizes, spacing, and reinforcement for all designed components.  The calculations 

were conducted based on LRFD and all necessary procedures may be found in sample hand 
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calculations for the deck design, girder design and column design are provided in Appendix C, 

Appendix D and Appendix E, respectively.  However, in order to determine the most appropriate 

solutions, Microsoft Excel sheets were 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 concrete deck slab and sample step-by-step hand 

calculations are attached to the end of the report in Appendix C.  The sample calculation design 

for an 8-inch continuous slab spans over two single span girders and considers the required 

moment capacities obtained from AASHTO Specifications STable A4.1-1 indicated in Appendix 

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 procedure for designing the continuous 

concrete slab. 
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DESIGN OF CONCRETE DECK SLAB

State Assumptions and Parameters

Compute Dead Loads

Design for Positive Moment

Compute Live Loads

Compute Maximum Positive Moment

Assume Bar Size

Calculate Effective Depth

Calculate Required Area of Reinforcing 
Steel

Determine Required Bar Spacing

Adjust Spacing for Constructability

Check c/de Ò 0.76

State Required Bar Size and Spacing

Design for Negative Moment

Compute Live Loads

Compute Maximum Negative Moment

Assume Bar Size

Calculate Effective Depth

Calculate Required Area of Reinforcing 
Steel

Determine Required Bar Spacing

Adjust Spacing for Constructability

Check c/de Ò 1.07

State Required Bar Size and Spacing

SELECT APPROPRIATE SIZE AND SPACING FOR 
POSITIVE AND NEGATIVE REINFORCEMENT 
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3.3.4.2 Girders 

The following flowcharts were used to calculate a series of two single span steel girder designs 

using non-composite, 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 lateral buckling along the beamôs length.  In the case that the beam is deemed 

non-compact, then further investigation of the governing criteria is necessary.  Since all 

investigated sections were compact these flowcharts do not consider non-compact design.  

Complete sample hand calculations, assuming 8 girders spaced at 8 feet for non-composite, full 

composite and partial composite designs may be viewed 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 most adequate 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 

appropriate size girder was selected based on the smallest weight section. 
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DESIGN OF STEEL GIRDERS NON-COMPOSITE

State Assumptions and Parameters

Compute Dead Loads

Compute Maximum Moment

Use Design Equation ˒Mp=˒ ZxFy to Calculate Zx

Select Beam Size Based on Zx from Table 3-2 AISC Steel Manual

Update Moment Reflecting Beam Weight

Satisfy ˒ Mp > Mu

Check Plastic Capacity 
Conditions

No Local Buckling of Flange 
(FLB)

No Local Buckling of Web 
(WLB)

No Lcateral Buckling of 
Beam Along Length (LTB)
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DESIGN OF STEEL GIRDERSFULL COMPOSITE

State Assumptions and Parameters

Compute Dead Loads

Compute Maximum Moment

Use Design Equation ˒Mp=˒ ZxFy to Calculate Zx

Select Beam Size Based on Zx from Table 3-2 AISC Steel Manual

Check Plastic Capacity Conditions

No Local Buckling of Flange (FLB) No Local Buckling of Web (WLB) No Lcateral Buckling of Beam Along Length (LTB)

Check Strength For Unshored Construction

Determine Moment Including Weight of Wet Concrete

Satisfy ˒ Mn>Mu, Select New Beam Size if Necessary  

Check Construction Deflection

Determine Ix From Table 1-1 AISC Manual

/ŀƭŎǳƭŀǘŜ 5ŜŦƭŜŎǘƛƻƴ ¦ǎƛƴƎ ҟc=ML2/C1Ix

{ŀǘƛǎŦȅ ҟcҖ[κосл

Select Appropriate Beam Size Based  Table 3-2 AISC Steel Manual

Check Composite Capacity

5ŜǘŜǊƳƛƴŜ ңvƴ ¦ǎƛƴƎ ¢ŀōƭŜ о-19 AISC Manual

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

Calcaulte New Value For Y2

Interpolate ˒ bMp From Table 3-19 AISC Manual

Check ˒ baǇҗaǳ

Design Shear Studs

Determine Nominal Stength From Table 3-21 AISC Manual

5ŜǘŜǊƳƛƴŜ ǘƘŜ bǳƳōŜǊ ƻŦ {ƘŜŀǊ {ǘǳŘǎ ¦ǎƛƴƎ ƴҐнңvƴκvƴ

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

Check Live Load Deflection

Update Moment ReflectinDetermine Unfactored Wu

Calculate Associated Moment ML Due to Vehicle Loading

Inerpolate ILBFrom Table 3-20 AISC Manual

/ƻƳǇǳǘŜ ҟL=ML2/C1ILB

/ƘŜŎƪ ҟLҖ[κослg Beam Weight
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DESIGN OF STEEL GIRDERS PARTIAL COMPOSITE

(BASED ON FULL COMPOSITE DESIGN) 

Check Composite Capacity

5ŜǘŜǊƳƛƴŜ ңvƴ ¦ǎƛƴƎ ¢ŀōƭŜ о-19 AISC Manual

/ŀƭŎǳƭŀǘŜ 5ŜǇǘƘ ƻŦ {ǘǊŜǎǎ .ƭƻŎƪ ¦ǎƛƴƎ ŀҐңvƴκлΦурŦϥŎōE

Calcaulte New Value For Y1 andY2 Assuming the PNA

Interpolate ˒ Mn From Table 3-19 AISC Manual

Check ˒ Mnҗaǳ

Design Shear Studs

Determine Nominal Stength From Table 3-21 AISC Manual

5ŜǘŜǊƳƛƴŜ ǘƘŜ bǳƳōŜǊ ƻŦ {ƘŜŀǊ {ǘǳŘǎ ¦ǎƛƴƎ ƴҐнңvƴκvƴ

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

Check Live Load Deflection

Determine Unfactored Wu

Calculate Associated Moment ML Due to Vehicle Loading

Inerpolate ILBFrom Table 3-20 AISC Manual

/ƻƳǇǳǘŜ ҟL=ML2/C1ILB

/ƘŜŎƪ ҟLҖ[κосл
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3.3.4.3 Columns 

The columns were designed based on the following flowchart, using the slenderness as the 

guiding limit state.  It is important to note the following design may only be used for an unbraced 

column.  The unbraced column length for the Belmont Street/Route 9 Bridge spans 15ô 9 İò. 

Initially, when determining the axial load subjected on the column, an assumed number of two 

columns was selected to determine the tributary width for design.  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 accounts for gravity loads only and lateral force effects are not 

addressed in the design.  It is assumed that the abutments will resist these loads and must be 

considered in the design of this component.  Lastly, after determining an appropriate column size 

based on the slenderness ratio, the reinforcement bar size was examined and the spacing of the 

reinforcement was calculated, assuming #4 ties and a 2.5 inch cover.  
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DESIGN OF COLUMNS SQUARE TIED

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 Columns

Determine Appropriate Base Length

Select Reinforcement

Identify Minimum and Maxiumum Reinforcement Ratio

Calculate Area of Steel Using Equation =́ As/Ag

Select Size and Number Reinforcement Bars 

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

Verify ˒ Pn>Pu

Reinforcement Spacing and Ties

Assume Appropriate Tie Size Based on Reinforcement Bar

Using Equations 16dbars, 48dties, and Column Dimension, Determine Maximum Spacing

Calculate Bar Spacing Using Equation s = (h - 2cover-2ties-2(db/2))/spaces < 6 inches
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3.3.5 Spreadsheets 

Design spreadsheets were created in Microsoft Excel to examine multiple design alternatives 

after completing the flowcharts for each component.  Theses spreadsheets helped determine the 

most effective sizes for each of the components while eliminating redundant hand calculations. 

For deck design, changes to the spacing and size of rebar were investigated.  Adjustments such 

as the spacing of girders and alterations to the number of shear studs were examined using the 

spreadsheets to determine the most cost effective girder design.  This was determined based on 

lightest weight section and fewest number of shear studs since the cost is calculated by the 

weight per foot and number of shear studs.  The equations put into Excel followed the same 

procedure as the flowcharts above and process from the sample hand calculations.  These 

completed Excel templates for concrete deck, non-composite girder, composite girder and 

column design may be found in Appendix G, Appendix H, Appendix I, and Appendix J, 

respectively.  

3.3.6 AutoCAD Cross Sectional Drawings 

The computer program AutoCAD was used to develop cross sectional views of the proposed 

bridge design.  Dimensions and sizes for all re-designed components are highlighted and may be 

viewed in the results section of this chapter.  

3.3.7 3D Model 

Additionally, another deliverable created using the computer program Google SketchUp was 

used to model the proposed Belmont Street/Route 9 Bridge.  The three re-designed components, 

as well as the remaining components that were deemed sufficient by MassHighwayôs inspection 

report were included in the model. 

 

The methods and procedures for designing the three components of interest were discussed in 

this section.  The role of RISA 2-D, Excel spreadsheets, AutoCAD, and Google SketchUp were 

also addressed above.  The following section concludes the re-design of the bridge by discussing 

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 number of members, as well as spacing for 

superstructure and substructure components.  A re-design was investigated for the concrete 

bridge deck, steel girders and concrete columns and their results are discussed below.  Design 

challenges are reviewed for each component as well.  The impact of these challenges and their 

role in selecting member sizes is outlined below.   

3.4.1 Superstructure Design  

Based on MassHighwayôs 2008 Bridge Inspection Report provided in Appendix B, the most 

crucial elements of the superstructure were re-designed.  This included principal superstructure 

elements such as the concrete deck and stringers.  Other 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 priority.  This means they are generally not 

considered until funds and manpower become available.  The deck joints were in a condition that 

suggested repair immediately upon receipt of report to District Maintenance Engineer.  Overall, 

the deck was given a rating of a 5 which is considered in ñfairò condition and the superstructure 

received a rating of a 4 which is classified as ñpoorò.       

 

Although the deck received a total rating of a 5, a re-design was investigated.  The new rating of 

a 5 was recently increased from a 4 because the deck has received various spot repairs and 

maintenance since the last inspection report.  Based on the groupôs visual inspection and 

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 layer.  Figure 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 time they can cause more severe issues.  Cracks allow the 

rebar to be exposed to greater amounts of fluids and moisture on the bridge.  Once the initial 

cracks occur, it is easier for water to seep into the concrete deck to the rebar and enhance the rate 

of corrosion.  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 Street/Route 9 Bridge 

Changes were made to the initial design based on the groupôs attempt to create a design that 

would require less maintenance in the future and last longer than the typical bridge deck.  In 

order to ensure a longer service life of the new deck design, more sustainable building 

alternatives could also be explored, 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 included an 8-inch thick slab as 

required for minimum slab thickness by AASHTO Specifications.  Other properties of the bridge 

such as the thickness of the surface layers, weight of the materials, and general dimensions are 

included in Table 3.  Based on the typical values for material weights and the decided values for 

layer thicknesses, the unfactored weight of the slab and wearing surface were determined to be 

0.64 k-ft/ft and 0.19 k-ft/ft, respectively.     
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Table 3: Bridge deck properties 

Bridge Superstructure Element Established Value 

Slab thickness 8ò 

Bituminous concrete thickness 2.5ò 

Tributary area 8ô 

Weight of concrete 150 pcf 

Weight of wearing surface 145 pcf 

Span of bridge 151 ft 

Width of bridge 60 ft 

Compressive strength of concrete (fôc) 4 ksi 

Steel yield strength 60 ksi 

 

In order to determine the size and amount of reinforcement needed in the concrete deck, the 

positive and negative moment values were determined for each region using the different loads 

that affect the bridge deck.  The loads were then factored based on AASHTO Specifications to 

ensure safety in the design.  The factors assigned to dead and live loads used for the Belmont 

Street/Route 9 Bridge are included in Table 4 along with the reference from the AASHTO 

Specification Manual.    

Table 4: Design load factors 

Design Factor Design Factor Value Reference 

Maximum slab dead load factor 1.25 STable 3.4.1-2 

Maximum wearing surface dead load factor 1.5 STable 3.4.1-2 

Live load factor 1.75 STable 3.4.1-1 

Multiple presence factor (> 3 lanes) 0.65 S3.6.1.1.2-1 

Dynamic load allowance (IM) 0.33 STable 3.6.2.1-1 

 

Table 5 indicates the total factored loads in the positive and negative moment region.  For the 

Belmont Street/Route 9 Bridge, the total factored negative load of 12.61 k-ft/ft governed the 

design as shown in Table 5, therefore the bar size and spacing for that region was used 

throughout the deck in both the positive and negative regions.  Using the deck design template 

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

determine the most desirable bar size and spacing option.    
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Table 5: Moment values for positive and negative regions 

Positive moments Negative moments 

Unfactored LL 5.69 k-ft/ft  Unfactored LL 6.58 k-ft/ft  

Factored LL 9.96 k-ft/ft  Factored LL 11.52 k-ft/ft  

Unfactored slab DL 0.64 k-ft/ft  Unfactored slab DL 0.64 k-ft/ft  

Factored slab DL 0.80 k-ft/ft  Factored slab DL 0.80 k-ft/ft  

Unfactored wearing surface DL 0.19 k-ft/ft  Unfactored wearing surface DL 0.19 k-ft/ft  

Factored wearing surface DL 0.29 k-ft/ft  Factored wearing surface DL 0.29 k-ft/ft  

Total Factored Positive Load 11.05 k-ft/ft  Total Factored Negative Load 12.61 k-ft/ft  

 

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

productability and economical reasons, the same bar size spacing was chosen for both regions.    

 

Table 5 shows that the difference between the total factored positive and negative load is 

minimal.  Using the governing value from the negative region, it results in a more conservative 

design for the positive reinforcement region.  Table 6 shows the bar size, calculated spacing and 

spacing when considering constructability.  When the same bars are used throughout the design, 

the cost associated with fabrication of the material is lowered.  Using the same size bars and 

spacing also reduces the risk of confusion or misinterpretation during installation.  The spacing 

in the positive and negative regions is the same for #5 and #8 bar sizes.  For reinforcement, #5 

bars were chosen based on their typical use in concrete bridge decks.  In both the positive and 

negative regions, the calculated spacing was determined to be less than 6 inches.  To simplify the 

layout and installation of the bars, 6-inch spacing between bars was used in both the positive and 

negative flexure zones. 

 

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

Positive Flexure Negative Flexure 

Bar Size 

Calc.  

Spacing 

Con.  

Spacing Bar Size Calc.  Spacing Con.  Spacing 

#5 6.39 in 6 in #5 6.25 in 6 in 

#6 9.06 in 9 in #6 8.87 in 8 in 

#7 12.12 in 12 in #7 11.89 in 11 in 

#8 15.57 in 15 in #8 15.3 in 15 in 
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Primary steel reinforcement bars in bridge decks are laid out along the longitudinal direction, 

perpendicular to the direction of the traffic to resist deflection as shown in Figure 12.  Based on a 

131 ft bridge span, 262 total #5 bars at 6-inch spacing are required for the bridge deck 

reinforcement.  Calculations used to determine sufficient concrete deck design and reinforcement 

are included in Appendix C.   

 

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

Although the deck currently has a rating of 5 which means it is functional and isnôt in danger of 

any immediate failure issues, investigating a more effective design can be beneficial.  The bridge 

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 the bridge deck.  A ñtemporaryò fix on the deck is to increase 

the thickness of the wearing surface, or simply re-cover the top layer of concrete.  This protects 

the bridge deck because it fills all the holes on the previous wearing surface.  One issue 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 bridge.  If an allowance for future wearing 

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

capacity the bridge was originally designed to withstand.    

   

When maintenance is only performed on an as-needed basis, it tends to create a repair cycle.   

Engineers believe they are saving money by only fixing the components that pose immediate 

danger to the structural integrity of the bridge, but that is not often the case.  As-needed repairs 

are required more often which means more money is spent on labor and equipment each 

additional time maintenance is performed.  By creating 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 often.  For 

example, in the original 1958 Belmont Street/Route 9 Bridge, a 3000 psi concrete compressive 

strength was used based on the reasonable standards of the time.  For the new bridge design, a 
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higher 4000 psi strength concrete was used to compensate for the increased traffic loads traveling 

across the bridge.  Also, 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 coating.  MassHighway now requires 

that all bridge deck reinforcement be epoxy-coated or galvanized.      

 

Later chapters will discuss additional alternatives that can optimize the performance of a bridge.   

The goal in incorporating some of the more sustainable alternatives is to extend the typical 40 to 

50 year service life of a bridge and reduce 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 of 4.  This 

is largely due to multiple collisions with trucks exceeding the 14ô11ò vertical clearance limit.   

The impact of the trucks has resulted in a number of bent girders that are rotated out of plane like 

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

support the bridge deck; therefore, a re-design 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 deck.  A detailed description and complete procedure for evaluating the girder sizes and 

weights may be found in the methods section of this chapter.  This section focuses on the results 

based on the assumed values for the girder dimensions and properties listed below in Table 7.   
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Table 7: Steel girder properties 

Weight of Concrete 0.15 k/ft
3
 

Weight of Steel (W36x150) 0.15 k/ft
3
 

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 Slab 0.67 ft (8 in) 

Thickness of Pavement 0.21 ft (2.5 in) 

Height of Girder 3.00 ft (36 in) 

Number of Girders 8   

Dead Load Factor 1.25   

Live Load Factor 1.75   

    

It is important to note that the dead load 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 weight.   From the tabulated distributed load, the 

maximum calculated moment subjected on each girder was found to be 2076 ft-k. The load cases 

examined and there resulting maximum moments are included in Table 8. 
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Table 8: Girder design load cases 

Girder Design - Longitudinal Directio n 

Case Description 

Max. Pos. 

Shear (k) 

Max. Neg. 

Shear (k) 

Max. Pos. 

Moment(ft -k) 

Max. Neg. 

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 Combined Cases 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 2075.76 -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, construction capacity and deflection checks, a service live load 

check and plastic capacity limitations were investigated for composite construction.  For this 

design, unshored construction is assumed and is the limiting state that governs in all designs.  In 

general, unshored construction is more a cost effective method so for the design of the girders 

unshored construction was assumed. Since temporary braces are not necessary for unshored 

construction, the amount of time and labor involved for construction is reduced.  Also, 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 first.  The minimum required moments based on unshored construction 

and the design capacity allowances for each girder size are shown below in Table 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 

SIZE 
PNA Mu ʌMp NO.  

STUDS 
NO.  

GIRDERS 
NO.  

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 and non-composite design.  As displayed in 

Table 9, calculations were performed assuming different locations for the plastic neutral axis for 

composite design.  From previous experience and sample calculations provided in Appendix D, 

non-composite design was eliminated as an effective solution.  Using this design, the girder must 

support a significantly larger capacity than with composite design.  Table 9 shows full composite 

and partial composite design results with an adequate number of shear studs listed.  For 

composite design, the plastic neutral axis drops down from the top of the flange and from Table 

9 it is clear that the plastic neutral axis depends on the number of studs.  As the studs decrease, 

the plastic neutral axis occurs lower in the cross section.  Since 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 the flange.   

In order to effectively determine the most efficient girder design, several different girder sizes 

with varying weights were analyzed.  After comparing these results, a W40x199 section was 

selected for the girders.  With this section size, 128 shear studs were found to provide adequate 

girder support.  As shown in Table 9, a W40x199 girder is the lightest section analyzed.  Since 

construction material costs vary by the weight and the number of shear studs, this section costs 

the least.  It can be noted that a W40x199 is larger than the original W50x132.  This is because 

increased traffic loadings are more common today than they were in 1958 and AASHTO 

Specifications have been adjusted to meet the new requirements.    

3.4.2 Substructure Design  

According to MassHighwayôs 2008 Bridge Inspection Report for the Belmont Street/Route 9 

Bridge, the substructure received a rating of 5.  Both the piers and the abutments were given an 

individual rating of 5.  The columns on the piers were looked at for re-design based on the 

teamôs visual inspection of the bridge and their individual rating of 4.  An example of the 

severity of the corrosion of the columns is shown in Figure 14.  Large areas of the reinforced 

concrete columns (up to 4 ft high by 3 ft wide by 2 ft deep) suffer from severe corrosion.  Based 

on the visual inspection of the abutments, the team agreed with their ñgoodò rating and that the 

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

will eventually cause major issues with the capacity limits of the members.  Being that columns 

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

adequate capacity.      

 

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

The design of a simple square-tied column was investigated for the bridge pier.  Unlike the 

current bridge, the design does not include a hammerhead 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 re-designing the columns for the Belmont Street/Route 9 Bridge, the computer program 

RISA 2-D was used to determine the applied axial load on the ends of the columns.  From here, 

the columns were designed based only on the axial force subjected on the column.  No lateral 

analysis was evaluated and it was assumed that the abutment design would consider these 

effects.  Unlike the design of the concrete deck slab and the steel girders, the columns were 

investigated using hand calculations that may be viewed in Appendix E.  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 spacing and may be used for other design projects. 

This spreadsheet may be viewed in Appendix J. 
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3.4.2.1.1 Slenderness Check 

For the design of unbraced, axially loaded columns, the slenderness ratio dictated the selected 

column size. Since the columns were not designed for combined bending and axial forces, the 

slenderness ratio is the only necessary limit state that was considered. Based on the hand 

calculations in Appendix E, a 36òx36ò column was selected. Although reinforcement bars and 

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

3.4.2.1.2 Reinforcement 

An important consideration 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. For the 36òx36ò square tied 

column, there is a significant amount of extra reinforcement bars that arenôt necessary for 

capacity checks regarding reinforcement. However, when the reinforcement bar size is 

decreased, the reinforcement ratio is no longer satisfied. Based on this, for the 36òx36ò square 

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 transverse 

directions based on the proposed steel girders and concrete deck slab.  The resulting cross 

sections may be found in Figure 15 and Figure 16.  The proposed girders were designed as single 

span beams and the resulting section size was a W40x199.  The proposed concrete deck slab was 

treated as a continuous span with an 8 inch slab.  The reinforcement needed to provide sufficient 

capacity was determined to be No. 5 reinforcement bars spaced every 6 inches in both the top 

and bottom of the slab.  

 

Figure 15: Longitudinal cr oss section of proposed Belmont Street/Route 9 Bridge re-design 
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Figure 16: Transverse cross section of proposed Belmont Street/Route 9 Bridge re-design 

 

3.6 Three Dimensional Model  

Using the computer program RISA 2-D, a three dimensional model was created to accurately 

depict the proposed re-design for the Belmont Street/Route 9 Bridge.  The proposed deck slab 

with sidewalks, fencing, end posts, and railings is shown in Figure 17 while the proposed girders 

and columns may be found in Figure 18 and Figure 19.  Lastly, an overall layout of the bridge re-

design is shown in Figure 20, showing both re-designed components and current components.  

 

Figure 17: Proposed concrete deck for Belmont Street/Route 9 Bridge re-design 
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Figure 18: Proposed concrete columns and steel girders for Belmont Street/Route 9 Bridge re-design (View 1) 

 

Figure 19: Proposed concrete columns and steel girders for Belmont Street/Route 9 Bridge re-design (View 2) 
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Figure 20: Overall proposed bridge re-design 

 

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 ratings of the safety 

inspection report. According to this report, the deck, girders, and columns are in severe condition 

and require replacement.  These elements were re-designed according to AASHTO LRFD 

Specifications.  The computer applications RISA-2D and Microsoft 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 design.  The following chapters investigate several sustainable 

alternatives that may be implemented to ensure 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 materials.  These 

materials generally include ñwasteò steel and concrete from previous structures rather than 

consuming more resources to produce brand 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 construction project. 

 

Once a bridge is built, care in maintaining it should become a top priority.  When bridge 

maintenance is neglected, the lifespan of bridges tend to decrease.  Bridge maintenance can be 

reduced with the application of different corrosion protectants and sealants.  Other maintenance 

strategies such as patching areas of the bridge in need of repair are used.  As technology and the 

ability to test new procedures increases, new protection systems can be implemented into the 

bridge site to control the rate of component 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 have desirable properties for bridges.   

Concrete is very strong in compression and when used in conjunction with steel its tensile 

weakness is compensated for.  When used together their properties combine to create a stronger, 

more durable structure. 

4.1.1 Reinforced Concrete Properties  

Concrete is made from a mixture of cement, coarse and fine aggregates such as gravel and sand 

respectively, water and admixtures.  The water in the mix reacts with the cement powder-like 

substance to form an adhesive that bonds the other materials together.  Different proportions of 

the ingredients in the mixture can produce a range of desired results for durability, strength, 

consistency, workability, and density of the material.  Before concrete reaches its required 

compressive strength the mixture must harden and cure for 28 days.       

 

Plain concrete is fifteen times stronger in compression than in tension.  Concreteôs weakness in 

tension can lead to cracking which can be dangerous when used for construction.  When tensile 

stresses exceed their limits in concrete members, the structure will fail very abruptly giving 
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almost no warning.  Premature deterioration, which can be precipitated by cracking, of the 

members that stabilize structures like buildings or bridges can cause the entire structure to 

collapse, making plain concrete a less than desirable material to use.   

 

Modifications in the way concrete is made have created a more effective building material.  The 

addition of steel bars molded into concrete, called reinforced concrete is one of the most 

dominant building materials used in engineering construction today.  The steel bars are generally 

ridged to increase the bond between the concrete and steel and are called rebar.  The inclusion of 

steel bars in concrete members increases the tensile strength of the component, making the entire 

structure stronger and safer.  Another 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 abruptly 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 reinforced concrete can be used to build components because of its durability, if 

properly mixed, placed, and cured, and relatively inexpensive cost.  Components include: 

wearing surfaces, decks, girders, bracing, abutments, piers, bearings, pedestals, walls, footings 

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 Department of Transportation, 1998).  In 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 process.  Figure 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, 1998).  The concrete mix design and structural 

detailing of the components can play a role in the effectiveness of the design.  When 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 increase the lifespan of the 

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

4.1.2 Properties of Steel  

Structural steel is classified based on chemical composition and strength.  The four main types of 

structural steel include carbon steel, heat-treated carbon steel, heat-treated alloy steel, and high-

strength low-alloy steel.  All types consist of a combination of iron and carbon.  Structural steel 

is manufactured in a variety of sizes, shapes, and ASTM strengths for use in virtually any 

construction project.  Typical member shapes include W, MS, S, HP, C, and MC.  A few major 

advantages of using structural steel as a construction material include high strength, strength to 

weight ratio, ductility, elasticity, toughness and uniformity (Brockenbrough & Merritt, 1999).    

 

For bridge construction, Grade 50 and Grade 70 are typical yield strengths for structural 

members such as girders, flanges and splicing elements while Grade 36 can be used for 

stiffeners, girder connector plates, and diaphragms.  Specifications 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 around it.  Typically steel bridge 

components such as girders are painted to protect the steel from rusting.  It is common for the 

painted girders to chip and begin to rust therefore it is difficult to keep the structural steel 

protected from corrosion inhibitors.  Rusting causes the section of steel to be reduced which can 

affect the expected durability of the girder.  The same problem occurs with reinforcing steel.   
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Once the concrete bridge deck which protects the steel bars is penetrated, the rebar is exposed to 

the same moisture that causes corrosion of the steel section.  Although steel is considered a very 

durable material, its durability is greatly affected by corrosion.      

4.2 Recyclable Building  Materials  

Renovation projects generally include a demolition and construction phase where a massive 

amount of waste accumulates.  In the past, the waste was simply transported off-site and 

disposed of in landfills.  This process resulted in significant expenses.  The new reality of using 

recycled materials has considerably reduced the amount of waste produced.  Materials 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 material.  According to the Steel Recycling Institute, in North 

America, ñto buy steel is to buy recycledò (Steel Takes LEED with Recycled Content, 2005).   

The comprehensive system of steel production is based on the continuous process of recycling 

and reclaiming steel products.  The 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 again.  This ongoing process optimizes the life-cycle of steel, and ranks it as the most 

recycled material in the world.  Approximately 95% of steel is salvaged and used to make new 

steel.  The reclaimed steel comes from sources such as automobiles, household appliances, and 

structural components.   

 

Typically there are two methods to produce steel based on the intended application.   The two 

techniques are the basic oxygen furnace (BOF) and the electric arc furnace (EAF).  BOF is 

responsible for producing steel for input to manufacturing of items such as cans, household 

appliances, and parts for automobiles.  This process uses about 25-35 percent recycled steel to 

produce new products.  On the other hand, the EAF produces steel of exceptional strength and 

employs a greater quantity of recycled material.  The electric arc furnace method generates 

structural products such as steel decks, beams, plates, and reinforcing bars.  These products are 

produced with almost 95-100% reclaimed steel (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 pounds of limestone are conserved when one ton of steel is recycled.  Therefore the 

recycling process conserves energy as well as preserves natural ores and additional materials 

which would be needed for production.  Since steel is a very durable and lasting material, 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 recycled (The Inherent Recycled Content of Today's 

Steel, 2007). 

4.2.1.1 Types of Recycled Aggregates for Concrete 

Concrete has proven to be a durable and versatile material.  Varied types and proportions of 

ingredients can be supplemented into the mix design for different purposes.  Recycled concrete 

aggregate is generally used for a base material and fly ash can be substituted in part for cement.    

4.2.1.1.1 Recycled Concrete Aggregate 

The Massachusetts Department of Environmental Protection promotes the practice of recycling 

construction waste.  The most common solid waste materials caused by demolition of existing 

infrastructure are asphalt pavement, brick, and concrete, commonly known as ñABC rubble.ò  

All of these materials can be utilized as aggregates in concrete mix, but recycled concrete 

aggregate is generally used as the base material (Waste and Recycling, 2008).  Recycled 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 States, thirty-eight of the 

fifty states employ recycled concrete as an aggregate base in highway pavement projects.  A 

layout of the states is depicted in Figure 22, which is an excerpt from a study conducted by the 

FHWA.  The states in green 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 helps to preserve natural resources, and 

reduces the amount of waste which would usually be transported to landfills.  Regarding 

renovation projects, concrete from deficient structures can be salvaged and used to make new 

products.  This process is beneficial because it reduces cost and smaller quantities of waste 

require disposal (Rakshvir, 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 a fossil fuel residue which poses potential negative effects to the 

environment.  It is a by-product 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, 2005).  Dating back to 1999, 55 million tons of fly ash 

was produced in the U.S., with a total recycled amount of only 9 million tons.  The remaining 

waste, accounting for two-thirds of the total produced, was transported to landfills for disposal 

(Fly Ash Concrete, 2008). 

 

Recent implementation of fly ash as an alternative lightweight aggregate in concrete has 

converted the by-product to a sustainable source.  The use of fly ash has reduced the amount of 

disposed waste, as well as reduced the amount of concrete needed to be produced.  It can also be 

added in proportion to concrete mix in order to lessen the amount of cement in the mix design 
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without compromising the strength of the final product.  From an environmental standpoint, 

reducing cement production is a significant step towards cutting down greenhouse gas emissions.   

The Portland Cement industry alone is responsible for producing 7% of human produced carbon 

dioxide emissions (Meyer, 2002).  Carbon dioxide is harmful to the atmosphere and there are 

implications that it may contribute to growing trend of global warming (Meyer, 2002).     

 

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

a ñpozzolan.ò  A pozzolan is defined as ña substance comprised of aluminous and silicious 

material that forms cement with the introduction of waterò (Fly Ash Concrete, 2008).  It should 

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 ñfree lime.ò  Without fly ash, the lime may combine with harmful substances 

such as sulfate and negatively affect the integrity of the concrete.  However, when fly ash is 

added to the mix, it chemically reacts with the lime enhancing the adhesiveness and compressive 

strength of concrete (Fly Ash and the Environment, 2005). 

 

Figure 23 illustrates the comparison of compressive strengths of conventional cement concrete 

versus concrete containing fly ash.  Notice that the trend is relatively similar until day 56 when 

the fly ash concrete gains a significant amount of strength.  Furthermore, in a year the fly ash 

concrete exhibits an increased strength of 1000 psi compared to the typical cement concrete. 

 

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 properties.  It is made of tiny particles that resemble 

glass-like spherical beads.  Fly ash is described as having a ñball bearing effect.ò  Due to the 

convenient spherical shape, the amount of friction is reduced which provides for better 

workability and eased flow.  Therefore it is possible to pump wet concrete over longer distances 

with less energy (Fly Ash Concrete, 2008).  The miniscule nature of the beads works well to fill 

in the voids of the concrete.  Also, the water content of concrete made with fly ash can be 

reduced up to 10% because of this ñball bearing effect.ò (Fly Ash and the Environment, 2005).   

Reduced water enhances the quality of the concrete.  A low water to cement ratio concrete is 

more durable than a high water to cement ratio concrete.  Therefore the overall 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 concrete is 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 overall life-cycle of the bridge.   One of the biggest 

issues in maintaining a bridge 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 concern for bridge engineers as 

an increased number of bridges across the world are being deemed structurally deficient.   

Corrosion occurs when steel reinforcements inside the concrete members begin to rust or 

deteriorate.  The corroding steel expands, causing the concrete surrounding them to crack due to 

the tensile stresses that develop in the concrete like shown in Figure 24.  Corrosion can also 

happen on steel components on the bridge like the lateral bracing as shown in Figure 25.      
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Figure 24: Diagram showing how corrosion occurs (taken from http://www.corrosion-club.com/concretecorrosion.htm) 

Corrosion in steel is a loss of electrons that react with water and oxygen.  It is caused by factors 

which induce stress directly on the component such 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 spalling.  Spalling is the deterioration of concrete when chunks of concrete chip 

off and separate from the structure.  Corrosion tends to occur more commonly in places that 

receive high amounts of snowfall annually.  Salt, which is used as a de-icing technique on the 

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 joints.  In areas that receive 

high amounts of snow and rainfall, the salts used to de-ice the roads, debris and car fluids like 

gas and oil can leak into the abutments then down to the backwall.  Because 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 protective coating on the steel 

until it is destroyed and the steel becomes exposed.  Once the protective coating is removed 

environmental conditions such as high temperatures and intermediate levels of humidity and 

moisture can lead to increased rates of corrosion.  Steel stringers 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 shown in Figure 26.   

Once cracking occurs, the concrete component loses strength and will eventually begin to fail 

due to the excessive forces being applied to it.  Once the rebar is initially exposed, the rate of 

corrosion which causes more of the surrounding concrete to crack.  As the steel begins to rust, its 

strength properties are weakened.  After a concrete component is subjected to cracking, the cost 

of maintenance and repair becomes extremely high.  An alarming 17% (101,518 of 581,862) of 

the recorded bridges in the United States are deemed structurally deficient (US 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 transportation agencies.   

Estimated costs to repair the damage caused by the corrosion of reinforcements in concrete 

exceed $8.3 billion in the United States annually (Virmani, 2002).  Because it is necessary to use 

de-icing salts on roads 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/Route 9 Bridge 



54 

 

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 United States infrastructure.   

Standard sealants and spray coatings can release harmful chemicals into the air.  Also, certain 

chemicals in some sealants can wash away and affect the drainage system on the bridge.  On site 

accidents including improper storage or handling of the products could also have a negative 

environmental impact.  In an attempt to design using ñgreenò standards, engineers have been 

experimenting with organic materials and alternative systems that donôt have a negative impact 

on the environment.  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 application of protective 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 subjected to deterioration.  If 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 member.  If the member has begun to rust or flake, the protective coat will be 

applied to a surface that will continue to chip off.  This 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 sealers.  Protection with the use of 

linseed oil is an economical method used by many stateôs Department of Transportation agencies 

because of their limited budgets and resources.  Linseed oil is generally applied to a surface 

using a type of spray equipment.  It is recommended that two coats of the protectant be applied 

to ensure the entire surface is covered (Morris, 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 long.  Linseed oil is sensitive to UV rays from 

direct sunlight which is a problem when used on bridges that are constantly exposed to extreme 

environmental conditions such as sunlight (Bushell, 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 component.  Silicon 

resins are different in that they penetrate into the element to create a sealed exterior (Tonias, 

1995).  A few resin-based mortars that have ideal bond characteristics include epoxies, 

polyesters, and polyurethanes.  Resin-based mortars 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 effective protection product.  Epoxies are two-

component self-bonding adhesives that are injected directly into a cracked area.  When the 

components are mixed and compared to sections of concrete not affected by corrosion, sections 

protected with epoxy coatings typically have higher strength values (Ropke, 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 reinforced concrete bridge decks 

across the United States.  Although epoxy coated rebar does not completely eliminate corrosion, 

it has succeeded in delaying the rate at which the steel rebar corrodes.  It is estimated that in the 

last 25 years, the use of epoxy coated rebar in 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 service life of concrete decks.  Although 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 combination of 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 similarly to epoxy based resins but have a few key differences, some being 

advantages over other types of resins while others are disadvantages.  One observation is that 

polyester resins tend to shrink at a higher rate than epoxies during the curing process.  The 
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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 the crack gap.  If the resin does not adequately fill the gap, moisture 

can seep through the space between the resin and member.  Since this is not an effective 

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

 

Unlike epoxies, the shelf life of polyesters is limited, although the amount of catalyst used in 

polyesters does not require as high of a percentage of measurement accuracy as epoxies.  To 

ensure the most effective use of polyester resins, a primer should always be used since the curing 

of polyester is dependent on the amount of moisture present (Perkins, 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.  Polyurethanes are commonly used to seal joints on bridges.  A few 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 dry surfaces.              

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 created.  Many of these 

methods include exploring the effectiveness of using completely organic corrosion sealants.   

These methods range from increased wearing surface covers to the use of non-corrosive 

materials such as fiber-reinforced polymer.    

4.4.1 Increased Concrete Cover Thickness  

One idea to prevent corrosion of a concrete wearing surface of a bridge is to increase the 

thickness of the cover.  This involves simply placing another concrete slab over the pre-existing 

corroded slab.  This technique has many disadvantages including high costs and safety factors 

involved in raising the height of the road.  Unless 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 in accounting for increased thickness of the cover as a part of 

routine maintenance.  By 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 capacities of 
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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 Cathodic protection systems on bridge decks have become a fairly routine 

rehabilitation 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 triggered by chlorides, oxygen and 

moisture.  A low-level electrical current is generated at the steel surface.  The area where the 

current leaves the steel and enters the concrete is called an anode.  The spot where the current 

leaves the concrete and returns back to the steel is called the cathode.  Corrosion 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 Cathodic protection offers a way to shift the electric currents provided to an 

external current source to counteract the corrosion current.  This process is meant to stop, or at 

least slow down and control the electrical current that causes concrete corrosion.  There are two 

main types of Cathodic protection, energy demand versus material consumption systems.   

Impressed current Cathodic protection involves inserting a low voltage direct current into the 

reinforcing steel through the concrete from a motionless anode material.  The galvanic systems 

process uses metal like zinc to function as a sacrificial anode that protects the steel rebar 

(Scannell & Sohanghpurwala, 1993).       

4.4.3 Composite Materials  

As advances in uses of composite materials in building have become more popular, opportunities 

to design with non-corrosive materials have become an admired possibility.  Designing with 

composite materials 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 features (Constructability, Maintainability, and 

Operability of Fiber-Reinforced 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 bridge.  This bridge uses a prefabricated plastic grid in the concrete deck in 

place of the steel rebar.  The 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 appropriate materials and 

protectants for the design of the bridge.  Choices will be based on cost, availability, efficiency, 

and value to sustainability.  The 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 recycling.  Regarding 

construction projects, recycling can occur during demolition and construction phases.   

Therefore, the analysis will be split into plans for implementing recycled materials into the 

design for construction and recycling the existing components of the withstanding bridge.    

The sections discussing recycled materials are: 

¶ Steel Selection 

¶ Concrete Mix Design 

¶ Supplier Selection based on Location 

The actual procedure of recycling the bridge components will be addressed in:  

¶ Economic Benefits of Recycling 

¶ Waste Management Plan 

4.6.1 Steel Selection 

After conducting background research about recycled steel, it is concluded that steel is inherently 

recycled.  Therefore, steel and recycled steel are essentially synonymous.  As discussed 

previously, the Electric Arc Furnace (EAF) reconstitutes steel scraps to comprise new structural 

products.  This technology also makes it possible to achieve higher strength steel and 

approximately 95% of the steel used for this process is reclaimed.  Since new products are 

generally fashioned from steel products at the end of their lifetime, the steel girders from this 

project could be provided by any one of MassHighwayôs approved steel distributors.   
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4.6.2 Concrete Mix Design 

The process of creating a concrete mix is a science and an art.  Concrete mix can be comprised of 

different ingredients and varying proportions of the ingredients to achieve desired properties.   

Innovative mix designs incorporate recycled materials to enhance the overall life-cycle 

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 concrete is a very popular building material, but traditional concrete production has negative 

effects on the environment.  The Danish Centre for Green Concrete is a united effort of many 

prominent businesses and universities to remediate the negative effects of concrete and formulate 

ways to make concrete a ñgreenò product.  Recommendations for an environmentally friendly 

mix design are shown in Figure 27. 

 

The following criterion for ñgreenò mix design was established by the Danish Centre for Green 

Concrete: 

 

Å CO2 emissions shall be reduced by at least 30 %. 

Å At least 20 % of the concrete shall be residual products used as aggregate. 

Å Use of concrete industry's own residual products. 

Å Use of new types of residual products, previously landfilled or disposed of in other ways. 

Å CO2-neutral, waste-derived fuels shall substitute for fossil fuels in the cement production by at 

least 10% 

(Dundee, 2002). 
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Figure 27: Recommendations for 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 results.  Some 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 (CREP).  The mix design 

proportions are shown in the Figure 28. 

 

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 strength, air-content, 

elastic modulus, density, and setting time.  The results concluded that ñthe mechanical properties 

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

the reference concretesò (Dundee, 2002).  Figure 29 depicts the assessed environmental and 

compressive strength goals. 

 

Figure 29: Environmental and compressive strength characteristics of concrete mixes (taken from Dundee, 2002) 

Results from the table show that the concrete mixes met the goals for environmental benefits, 

and 28-day and 56-day compressive strengths.  The green design concretes have significantly 

higher 56-day compressive strength than the reference concrete.  All of the mixes exceeded the 

compressive strengths of a typical concrete mix.  The analysis proves that concrete can be made 

with recycled materials without compromising the strength and durability of the concrete.  This 

study can be used as a framework when 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 products.  Since MassHighway has jurisdiction 

over the reconstruction of the Belmont Street/Route 9 Bridge contractors need to be qualified, 

and it is an advantage to have experience with MassHighway projects in the area.  For example, 

Aggregate Industries is the closest approved subcontractor offering concrete with recycled 

aggregates.  They were responsible for supplying the concrete for local MassHighway projects 

such as the Worcester Via-Duct and the Reconstruction of the I-290 Bridge over Brosnihan 
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Square/ MA 146 (MassHighway, 2006).  Aggregate Industries has two plants in Worcester, as 

well as plants in North Grafton, Millbury, Berlin, Charlton, Littleton, and Lunenburg.  In 

addition to concrete plants they ñaccept and recycle over 200,000 tons of concrete each yearò 

(Aggregate Industries, 2009).  Aggregate Industries has 12 recycling divisions located in 

Massachusetts.  Figure 30 pinpoints the locations of the recycling plants is presented below. 

 

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 purposes and can incorporate 

the recycled fly ash byproduct into ready-mix concrete.  Utilizing recycled products from 

Aggregate Industries ñcan contribute valuable LEED certification credits for Recycled Content 

(MR 4.1 & 4.2) and Local / Regional Materials (MR 5.1 & MR 5.2)ò (Aggregate Industries, 

2009).   

 

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

recycled based concrete.  They are a company who is striving for innovative design and have 

experience with sustainable products.  Also, 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 Protection (MassDEP) 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 Douglas, Massachusetts.  This project is of special interest because it 

is located approximately 20 miles from Worcester, MA.  Since the Douglas school is located 

within close proximity to the Belmont Street/Route 9 Bridge then the recycling cost and the 

recycling methods should be comparable (Bureau 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 MassDEP personnel to create a cost benefit 

analysis of recycling. The primary materials recycled were concrete, metal, wallboard, 

cardboard, and wood.  Figure 31 depicts the 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 

reference (Bureau 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 landfills.  According to the Case Study, waste was reduced 57% by 

weight and $31,812 was salvaged by recycling alone.  Since recycling 285 tons of concrete 

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


