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Abstract 
 Currently, WPI does not fully utilize its property at the location of the A.J. Knight Field 

and tennis courts due to safety and accessibility concerns from the crossing of MA Route 122A. 

An indoor athletic and training facility was designed to fully utilize this property and expand the 

current athletic facilities. An enclosed pedestrian bridge was designed to increase foot traffic and 

accessibility to this area of campus by connecting it to the current Sports and Recreation Center. 

The scope of this project included architectural planning, site design, structural design, and cost 

analysis, and computer modelling for both structures. 
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Capstone Design Statement  

 In order to successfully complete the requirements established by the Accreditation 

Board for Engineering and Technology (ABET) for the Capstone Design Project, the project 

team must properly consider a number of realistic constraints. This section will detail how the 

work done to complete this project addressed these constraints. Due to the complexity of the 

project, the majority of these constraints were considered without needing to make special 

considerations.  

Constructability 

 It is important to consider constructability throughout the entire design of the project. If a 

structure works on paper but cannot be properly put together, then the design is inadequate. 

When considering the various loadings present throughout the life of the structure, it is important 

to factor in the construction loads (shoring, scaffolding, etc.). Our team made sure to always 

consult the Massachusetts State Building Code 8th Edition regarding various construction safety 

factors to ensure the safety of those working to build the facility, including but not limited to 

building zoning, regulations, design aspects, and structural analysis. Standard steel sections were 

taken from The American Institute of Steel Construction and observed dimensional standards for 

concrete construction were taken from The American Concrete Institute. Given the location of 

the project spanning over State Highway 122A, the process of constructing the bridge without 

obstructing traffic was taken into account with the designs. 

Social 

 The social impact of any project determines its ultimate success. The new facility will 

alter the landscape of Worcester Polytechnic Institute (WPI). The athletic facility and bridge will 

increase the amount of recreational space for members of the WPI community by freeing up 

space in the Sports and Recreation Center, while providing varsity athletes with the space they 

need to train and improve their skills. Improving the quality of varsity athletics will be a source 

of pride for the Institution and providing more opportunities for health and fitness of the 

community will be beneficial for all at WPI.  
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Economic 

 In order to evaluate all economic constraints, a material and labor cost estimate was 

prepared. Given that this project will be funded by a private institution, every aspect from design 

through construction to operation and maintenance was evaluated. Costs were a major deciding 

factor throughout the design of both structures. 

Health and Safety 

 Health and safety should be considered for all phases of a project’s life, in this case both 

construction and occupancy were considered. By designing in accordance with Massachusetts 

State Building Code 8th Edition, MassDOT LRFD Bridge Manual, the Americans with 

Disabilities Act (ADA), the American Society of Civil Engineers (ASCE), and the AASHTO 

LRFD Bridge Design Specifications, the team ensured the safety of the construction process, the 

structure, and its occupants. However, the safety of the facility’s occupants is also critical. By 

following the standards set in place by the ADA, the structures will be safe and accessible to all 

occupants. The team also made use of the Load and Resistance Factor Design Specifications for 

both the proposed building and pedestrian bridge when determining the loads and load factors. 

The location of both the structures subjects them to various environmental factors such as snow, 

wind, and earthquake loads. The designs of both structures were completed to safely account for 

these factors and the various usages of each space.  

Environmental 

 Design decisions will be made with consideration to the impacts they could potentially 

have on the local environment. Excavation will be required for the construction of both the 

athletic facility and pedestrian bridge. Throughout this process it will be important to mitigate 

the inflow of any hazardous materials to the exposed soils. With the addition of the proposed 

athletic facility, the local terrain will be altered reducing the amount of impervious surface area 

available for water runoff to percolate and be absorbed. Consequently, the drainage and storm 

water collection systems on site will need to be reevaluated to ensure runoff is controlled. 

 By excavating soil and rock from the earth below the site, the construction process is 

disturbing the normally hidden and contained material. Once the excavation has begun, the soil 
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and rock removed from the ground must be tested for environmental concerns such as toxins or 

pollutants. The result of these test will determine where and how the soil can be stored, 

transported, and reused. If the soil removed from the site does contain pollutants and it is not 

handled properly, it could have negative consequences on the environment. To reduce these 

risks, design decisions were made throughout the project, such as using shallow footings instead 

of a basement, to minimize the amount of excavation needed during construction. 

Sustainability 

 Developing sustainable civil infrastructure and structures is critical to the success of a 

project. If structures do not properly stand the test of time, the owner will be liable for high 

maintenance and repair costs. In addition to their durability, new construction should also be 

built using sustainable materials and techniques. These materials are beneficial to the 

environment and allow for reductions in the aforementioned life-cycle costs.  

 To ensure that the proposed athletic building and pedestrian bridge are built sustainably, 

the design of the structures must be efficient. If the structure can be designed using less material, 

it will be inherently more environmentally friendly and sustainable. The structures of the 

building and bridge were designed to use the least amount of material and weight while also 

minimizing cost. Truss systems were used multiple times during the design of the project to take 

advantage of the high strength to weight ratio of truss systems. By using less steel to carry the 

same load, the structure is more sustainable.  

Ethics 

 Considering the ethics behind each decision is vital because lives are always in 

consideration for all structural designs. In the design of both the proposed athletic building and 

the pedestrian bridge, the principles from The American Society of Civil Engineers (ASCE) were 

upheld. All risks and dangers involved in an infrastructure were considered and discussed, 

especially since both structures are intended to be used each day by students, faculty, and staff.   
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Professional Licensure Statement 

 Professional licensure in the state of Massachusetts allows individuals the freedom to 

consult and certify civil engineering documents. This certification is critical for those striving for 

upper-level engineering positions and increases their value to the companies that employ them. 

Professional Engineers (PE) are a vital piece of any successful engineering firm and are greatly 

responsible for designing the way society will interact with the infrastructure around them in the 

future.  

 A large portion of the importance of these individuals stems from the difficulty in obtaining 

their titles. In order to obtain this licensure, candidates must first graduate from a four-year college 

engineering program accredited by ABET. Following graduation, individuals must successfully 

pass the Fundamentals of Engineering Exam. This online examination is administered over a 355-

minute period and spans across all areas of knowledge necessary to become an Engineer-in-

Training (EIT). Topics include general mathematics, environmental engineering, structural 

analysis, engineering economics, and professional ethics. After passing the exam, EITs must 

complete four years of work under the supervision of a PE. Lastly, one must apply to sit for and 

pass the Principles and Practice in Engineering Exam, the composition of which varies from state 

to state. 

 Obtaining this licensure is a major milestone in the career of any engineer. It takes years 

of hard work and dedication to the profession. However, one’s work is not done following 

accreditation as PE’s are responsible for the safety of not only their designs, but the lives of those 

who interact with their designs as well. It also holds those with licensure accountable for the work 

performed by their subordinates.  

 It is important to note that multiple Professional Engineers from different disciplines, 

including civil engineering, electrical engineering, and mechanical engineering, would be required 

to successfully complete the project detailed within this report. Both the multi-story athletic facility 

and the pedestrian bridge spanning over a major state route have the potential to negatively affect 

the safety of those who interact with them if mistakes were to be made. For this reason, PE’s would 

be needed to approve the structural calculations and designs and ensure their safety.  
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1.0 Introduction 

A bridge can be defined as a structure spanning and providing passage over a river or 

road (Merriam Webster Dictionary, 2017). But a bridge can be more than that. A bridge can 

connect people, ideas, and cultures. Currently, part of our Worcester Polytechnic Institute (WPI) 

community and campus is disconnected from the rest. A state highway with limited pedestrian 

access divides the WPI campus into fragments. This is not only a culturally divisive barrier, but 

also a major safety concern. Students, faculty, and guests may have to navigate across this 

dangerous road in order to explore the full extent of the campus.  

Our team is proposing and designing an enclosed pedestrian bridge that would span the 

state highway 122A, which is Park Avenue. The bridge will connect the current WPI Sports and 

Recreation Center 3rd floor to the proposed WPI athletic facilities, where the current A.J. Knight 

Field and tennis courts are located. Along with access to these facilities, the bridge would allow 

WPI students and faculty to travel more easily from the main campus to the Hughes House, 

Jeppson House, and the Alpha Tau Omega Fraternity house. We believe safe access to these 

campus buildings as well as the numerous off-campus residences is a priority for students and 

parents and should be a priority for the WPI community.  

As part of our project we will also propose and design the construction of a new athletic 

building located along Park Ave near the location of the current WPI tennis courts and the A.J. 

Knight Field. The purpose of the proposed athletic building is to provide additional facilities for 

the WPI community as a whole. On the first floor of the facility, an indoor athletic training field 

was designed with elevated ceilings to be used for any indoor athletic drills/conditioning, 

training, and/or games. An open space area for strength training was also included on the first 

floor to accommodate strength training equipment along with men’s and women’s locker rooms 

and restrooms. This could be used by WPI’s various division 3 and club athletic teams year-

round. Due to the limited athletic facilities that are now available, many athletic teams must 

reserve or share current gymnasium space with the general population of the WPI community. 

This can create a restrictive environment for athletic teams that need space to train and condition. 

With the addition of a new indoor athletic training facility, sports teams would have additional 

designated space to train, especially during the winter months when outdoor fields are not 

available. 
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Varsity sports at WPI often require the use of conference rooms to hold team meetings. 

Currently the space designated for sports teams to hold team meetings is very limited, amounting 

to one dividable room in the Sports and Recreation Center. This space usually is shared with and 

used by the WPI administration and faculty for meetings. The proposed athletic building also 

includes space for offices and conference rooms on the second floor. These rooms can be used 

for team meetings, coaches’ meetings, and study hall rooms for student-athletes. 
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2.0 Background 

 This project aimed to both provide access to a currently underutilized portion of campus 

and increase the amount of recreational space available to students. By developing this new 

athletic facility and enclosed pedestrian bridge, the Institution would be able to continue to grow 

in size and increase its sphere of influence to a larger number of current and prospective 

students. In order to properly deliver this project, certain background knowledge and 

understanding were required. This section provides the necessary information regarding the 

numerous factors that were taken into consideration within the design of these structures. 

Information regarding the current status of the project site, pertinent material properties, and the 

project’s impact on the community can be found in this section. In addition, relevant regulatory 

provisions and design parameters necessary to deliver safe and constructible structures can also 

be found here.   

2.1 Assessing the Need 
The need for a bridge was assessed through the evaluation of the Worcester Polytechnic 

Institute (WPI) campus as a whole and through an interview with Dana Harmon, The Director of 

Physical Education, Recreation, and Athletics (Harmon, 2017). The initial thought of a 

pedestrian bridge came from the fact that the campus extends over Park Avenue and safety is 

always a concern. Park Avenue has four lanes of traffic (two in each direction), and there are 

only crosswalks on either side of campus. The bridge would connect the Alpha Tau Omega 

Fraternity House, The President’s house, and a residential campus house to the rest of campus 

with little safety concern. Having a travel way that WPI’s students and employees can safely 

access would decrease the likelihood of injury crossing Park Avenue. Also with a bridge located 

between the existing Salisbury Street and Institute Road intersections with Park Avenue, 

commuting time will be cut down by a few minutes because travelling to the perimeters of the 

campus wouldn’t be necessary. Additionally, the tennis courts may be used more often and 

students accessing the courts would be in less danger crossing the street.  

 Dana Harmon spoke about the different athletic buildings she has seen on campus. With 

the growing success of the WPI athletics program, there is a need for more space for equipment, 

training facilities, and rehabilitation. In recent years, athletics has had a big impact on campus 
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and continued support from the student body. Director Harmon mentioned that the new 

recreation center has helped maintain that continued support because student-athletes are able to 

have their own training space. With varsity sports, club sports, intramural sports, and physical 

education classes, WPI has developed a need for more space to host all of these programs. 

Director Harmon also mentioned that having multiple-use spaces would benefit the entire 

campus. With a surface that can withstand outdoor cleats, indoor shoes, and regular sneakers, all 

athletics can use the surface for practice and training. The office space would help accommodate 

meeting areas for teams thus allowing the campus to use classrooms for academic use.  

2.2 Community Impact 
 The bridge and building will both positively impact the WPI community and the 

Worcester community. The pedestrian bridge would allow students and faculty to have a safer 

commute from the main campus to the new athletic facility and would allow drivers to be less 

interrupted by pedestrian traffic. 

2.2.1 Massachusetts Zoning Districts 

Across the State of Massachusetts, each city or town is required to have ordinances and 

regulations regarding the different zoning districts within the city or town. The defined zoning 

districts regulate the different types of land use that may occur. The districts included in 

Worcester, MA are listed in Table 1. 

Table 1: Various Zoning Types Present in Worcester, MA 

 

Each of these districts have sub-areas which involve different permitting requirements for 

the types of land use. Permits within these zoning districts fall into four usage areas, each with a 

set of subsections: residential use, general use, business use, and manufacturing use. Usage is 

either permitted in the district, not permitted in the district, or requires a special permit. 

According to the Worcester, MA zoning map dated February 6th, 2017, the proposed site falls 

Worcester Zoning Districts 

Residential Institutional 

Industrial Airport 

Business Open Space 

Manufacturing Overlay 
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into the Institutional (Educational) district of the City of Worcester which is consistent with the 

rest of the WPI campus. In accordance with Article IV Section 2 Table 4.1, non-residential 

parking facilities, recreational/service facilities, and schools (non-profit) are permitted in the 

Institutional (Educational) district of Worcester. According to Article IV Section 4 Table 4.2, 

there is no minimum area or frontage; the front, side, and rear setbacks are 15 feet, 10 feet, and 

10 feet respectively; there is no maximum number of floors or maximum height; and there is no 

floor-to-area ratio (City of Worcester, MA - Zoning Map; City of Worcester Zoning Ordinance).  

2.2.2 Impact on the WPI Community 

When the current Sports and Recreation Center was constructed, health insurance costs 

for WPI’s faculty and staff were reduced (Harmon, 2017). This was because the new center 

opened up more space for the WPI employees to work out and gain the healthy benefits of 

exercise. A new athletic performance center would have additional space for offices and the 

athletic training staff, creating more recreation space in the current Sports and Recreation Center 

for students, faculty, and staff. As the number of students in the incoming classes continues to 

increase, it is important that the space provided can handle the student body. A new campus 

building will help WPI be successful as it continues to grow and expand in the future. 

2.2.3 Impact on the Greater Worcester Community 

 The City of Worcester is heavily reliant on the students, faculty, and visitors of the 

twelve universities that make up the Worcester Consortium. Every year thousands of students 

move to Worcester to earn an education and grow as individuals. These students help drive the 

local economy by providing a steady flow of revenue and labor.  Students also lead community 

service and social activism movements that help to improve the quality of life for the permanent 

residents of the city. Improving the quality of the facilities at one of Worcester’s most prevalent 

universities will attract more highly-talented students to the city and help the local economy 

continue to grow. Outside of the increased student population, the proposed facility will provide 

a landmark for the city and generate numerous jobs during the construction phase of the project.  

2.2.4 Economics 

            A project of this size is guaranteed to have a large initial cost associated with it. When 

considering this initial investment one must consider the major costs of engineering services, 
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construction materials and building systems, project management, and long-term maintenance. A 

cost analysis was performed following the completion of the final structural design of both the 

bridge and the athletic building. The 2017 Building Construction Costs Book with RS Means 

(Plotner, 2017) was used to create this cost analysis. However, in order to provide a rough 

estimate for the new facility, similar facilities’ costs can be utilized. The 78,000 ft2. Foisie 

Innovation Studio and Messenger Residence Hall will cost Worcester Polytechnic Institute 

approximately $49 million (WPI 2017). While the Foisie facility provides living spaces and does 

not include a pedestrian bridge, it does provide insight into the cost of erecting a new building in 

Worcester, MA. The proposed athletic facility will provide approximately 51,000 ft2 of extra 

space to WPI. By making a direct comparison to the Foisie Studio it can be inferred that the 

proposed athletic building would cost approximately $32 million. 

         Recently, the City of Worcester was ordered by a Superior Court to construct an elevated 

pedestrian bridge connecting the DCU Center to the Hilton Garden Inn and the Major Taylor 

Parking Garage in the City’s downtown district (Moulton 2016). This mandate comes following 

a recent traffic accident in the area. The proposed bridge is to be 275 ft. long and 10ft. wide, and 

has an estimated cost of $10 million. The proposed pedestrian bridge on WPI’s campus would 

span approximately 450 ft. and be 10 ft. wide. Using the same direct comparison method used 

above based on the cost per linear foot of the span, a rough cost estimate of the proposed bridge 

is $16.4 million. When added to the cost of the athletic building, a total project cost of $48.4 

million can be derived. 

         It is important to note that the direct comparison method does provide good insight into 

construction costs in the Worcester area, but it does not provide exact values for the project. 

There are numerous differences between the proposed facility and the two projects used as 

reference. The new building will require a parking lot, field turf, and different finishes, etc. than 

the Foisie studio which will alter the final project cost. The pedestrian bridge also differs as it 

will be enclosed and have various security restrictions. The proposed building and bridge would 

also be built at a different time than the example projects, altering the cost estimates further. For 

this reason, the cost estimate that was prepared for the two proposed structures should be seen as 

a preliminary projection. 
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2.3 Common Construction Materials 
In this section various construction materials are reviewed to assess whether or not they 

will be beneficial and feasible in the proposed athletic building and bridge. The current materials 

used on campus will also be taken into consideration in order to keep the similarities on campus 

and also due to some architectural constraints.  

2.3.1 Concrete 

Concrete is a composite material that consists of cement, water, aggregate, and 

sometimes admixtures. It is formed by a chemical reaction, called hydration; concrete forms a 

unique material that gets harder over time. 

Aggregate is a granular material that is typically classified into two forms, fine aggregate 

and coarse aggregate. Various materials can be used for aggregate, including sand, gravel, 

crushed stone, or iron-blast furnace slag. Slag also has cementitious properties and may be used 

to reduce the cement content. Aggregate forms are determined through careful sieve analysis by 

passing through a set of sieves with progressively smaller mesh sizes. All material that is 

retained on the #4 sieve and larger is classified as coarse aggregate, and the material that passes 

through the #4 sieve is classified as fine aggregate. By grading the aggregate material an optimal 

particle size distribution can be determined, which results in the maximum packing density, 

where smaller aggregate particles can fill the spaces between the larger particles. This minimizes 

the amount of cement needed in the concrete and generally leads to improved mechanical and 

durability properties of the concrete. 

In concrete, cement is the binding material for the aggregate. The most common cement 

used is Portland cement. Portland cement hardens through the chemical process of hydration, 

beginning as soon as the Portland cement touches water. This process produces a strong 

chemical bond, which makes the compressive strength of concrete possible. The material 

obtained immediately upon mixing of the various concrete ingredients is called fresh concrete, 

while hardened concrete results when the cement hydration process has advanced sufficiently to 

give the material mechanical strength. In the United States, the strength is determined 28 days 

after casting, but this only represents about 90% of the potential compressive strength and is 

usually sufficient to support the necessary loadings. Curing must be done in a controlled 

environment in order to ensure that none of the water needed for the hydration process is lost. 
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Abnormally fast drying can cause structural cracks or tensile failures due to the uneven nature of 

the curing process. This problem can be avoided by controlling the moisture content by covering 

curing surfaces with sheets of plastic or canvas or by periodically spraying them with water. 

Water is an essential ingredient in concrete because the water-to-cement ratio helps determine 

the final strength of concrete. The general rule is to add the minimum amount of water necessary 

to ensure that all of the aggregate is saturated and that the concrete remains fully workable until 

it is set in its forms. In most concrete mix designs, the water-to-cement ratio can range from 0.3 

to 0.6. If there is not enough water present in the mix, the concrete may harden prematurely and 

leave voids in the finished product. On the contrary, too much water can weaken the compressive 

strength of the concrete and result in structural failures. 

While aggregate, cement, and water are the main ingredients of concrete, various mineral 

and chemical admixtures can be added. These admixtures have been developed over time to 

allow concrete to be utilized on various projects with different needs and environments. For 

example, air-entraining agents are often used to improve the freeze-thaw resistance of concrete. 

Voids in concrete are often filled with water and by adding air bubbles there is space for the 

water to expand when it freezes, which reduces cracking. There are also water-reducing 

admixtures that increase the workability of concrete which allows for the use of less water in the 

mix design, resulting in increased strength and durability. Retarding admixtures are often used 

on projects when delays in concrete placement are expected because these admixtures shorten 

the period needed to commence the hydration process. 

Concrete is one of the most versatile and most widely used construction material 

worldwide. Most commercially produced concrete has compressive strengths between 3,000 and 

5,000 psi. If loaded in tension, the material fails at a stress much lower than that, typically of the 

order of 10% of the compressive strength. Because the tensile strength of concrete is much lower 

than its compressive strength, it is typically reinforced with steel bars. This creates an efficient 

composite material that is strong in both tension and compression (Meyer, 2016). 

2.3.2 Steel 

 Steel is another widely used material in construction. It is able to be used to deliver cost 

effective and sustainable buildings. Off-site manufacturing improves safety and construction 

speed, reduces waste, and leads to better quality results. Steel construction is especially useful 

when creating educational buildings, which often need to be erected in a short period of time. 
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For university buildings, steel construction is very useful to due the speed of 

construction, adaptability and flexibility, safer construction, minimized disruption, and aesthetic 

capabilities. The use of components prefabricated off-site allows for construction periods to 

conform to the academic year. Health and safety is improved due to increased control over off-

site manufacturing, which is important if construction is in parallel with educational activities. 

Long span steel construction allows for large column-free spaces and for rooms to be flexibly 

configured to meet changing educational needs. Furthermore, steel is a highly useful material for 

bridge design not only from a material standpoint, but also from an architectural standpoint. Steel 

can be fabricated into a wide variety of architectural shapes, which can allow for more 

architectural and aesthetically pleasing features. 

In bridge design, steel offers many attractive advantages. One of the most important 

advantages steel offers is its high strength to weight ratio. This may be a crucial advantage when 

it comes to the design of the new pedestrian bridge and could have many positive impacts on the 

design of the bridge. One of the most important factors that the high strength to weight ratio 

could impact is that it will allow the bridge to carry a greater load for a shallower depth. Since 

the bridge design is constrained by clearance requirements over State Highway 122A, this would 

be an ideal material to utilize because it can carry a greater load for a shallower depth. Since 

steel has a high span-to-depth ratio, it would be useful when designing the pedestrian bridge. 

Additionally, the transportation and placement of the required beams may be easier due to their 

low self-weight. Steel may also contribute in the reduction of construction time. During the 

bridge construction the road may need to be closed temporarily, which is not favorable on a busy 

state route. It is easy to see why the closing of this area for an extended period of time would be 

unfavorable. With many of the components of the bridge being prefabricated, construction time 

would be greatly minimized. 

2.3.3 Timber 

Timber is another construction material used in various types of construction. The 

interest in green materials for construction and reduction of carbon footprints in urban 

development continues to grow, and it is important that building materials aid in sustainability 

and zero-waste usage practices. Among various construction materials, timber has the potential 

for use in green design. Currently, timber is primarily used in low-rise and small residential 

buildings.  
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Timber has a high strength-to-density ratio and is an extremely versatile and flexible 

material. These qualities make timber a compatible material with concrete and steel in certain 

building applications. Another important quality of timber is its resistance to fire. Timber is 

currently used in some low-rise building applications and has demonstrated favorable fire-

resistance capabilities. Even though timber has several qualities that make it a favorable 

construction material in various applications, it was determined that it would not be explored 

further in the design process of the building and bridge. This decision was made primarily due to 

current campus aesthetics. The WPI campus currently consists mostly of buildings made from 

concrete or steel, with many having brick detailing on the outside as well. A timber building or 

bridge would not fit into this campus architecture as well as concrete or steel. Also, both the 

building and bridge need to have large open spans, and both concrete and steel provide greater 

span-to-depth ratios than timber (Mohammadi, 2017). 

2.3.4 Composites 

In addition to concrete and steel, composite construction is becoming increasingly 

popular in bridge design and building construction. They are most often used as an alternative to 

reinforced concrete decks, but there are some limitations of composite materials. Composite 

construction exists when two different materials are bound together so strongly that they act 

together as a single unit from a structural point of view. In bridge design, composite action 

means that the steel structure of a bridge is fixed to the concrete deck so the steel and concrete 

act together, helping to reduce deflections and increase strength. 

2.4 Bridge and Building Systems 
The structural performance of a structure is dependent upon a multitude of factors, such 

as materials, intended usage, and structural system. There are various types of bridge and 

building systems that all have different advantages and disadvantages. This section will discuss 

the function and characteristics of these systems. 

2.4.1 Suspension Bridges 

Suspension bridges provide structural support through high strength steel cables anchored 

in abutments on both ends of a bridge’s span that are strung over large pylons located at two 

equidistant points along the span. Suspenders (vertical steel connectors) attach the main cables to 
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the bridge deck (Duan, 2015 B). A diagram of this bridge system can be found in Figure 1.  

Suspension bridges can be either self-anchored or externally anchored. Self-anchored bridges 

anchor the main cables into the bridge deck itself, while the externally anchored systems make 

use of large concrete abutments to provide anchorage.  

  

There are numerous reasons to employ a suspension bridge system, the first being the 

economic savings. Suspension bridges require a very small amount of materials relative to the 

span lengths achievable by these systems. There is also a cost savings in the construction phase 

as there is no need to construct temporary span supports when installing the bridge deck because 

the steel cables accomplish this sufficiently (Duan, 2015 B). These bridges, when done properly, 

have the ability to stand as architectural statements such as the Golden Gate Bridge. However, 

there are also disadvantages to suspension bridge systems. These bridges are extremely flexible 

and can experience high deflection values caused by large gravitational or lateral loads. This can 

cause problems in applications that are subject to extreme weather conditions. In addition, these 

systems are highly reliant on the compressive strength provided by concrete piers, foundations, 

and abutments, while the anchorage relies on tension. In cases where the soil does not provide 

the proper strength or information is not fully known, these systems should not be utilized. 

2.4.2 Truss Bridges 

 Truss bridge systems make use of horizontal, vertical, and angled members to provide 

structural support as seen in Figure 2. They can be seen as a flexural girder with the chords as 

flanges and a web of triangular member arrays. The top and bottom chords carry the majority of 

the moment while the vertical and angled members are responsible for shear forces (Duan, 

2017). Various types of bridges make use of trusses as structural support; through-truss and deck 

truss bridges are the most typical configurations implemented. Through-trusses locate the deck 

Figure 1: Suspension bridge diagram (Lamb, 2000) 
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along the bottom chord, while deck trusses make use of the top chord for the bridge deck. 

Depending on span length, high-strength steel can be used in the construction of trusses.  

Similar to suspension bridges, truss bridges have both advantages and disadvantages. 

Truss bridges behave well under dynamic loading, such as vehicles, and have high resistance 

against lateral forces. They are also built with smaller, light-weight members which makes 

transportation and erection much simpler. Due to their light weight, these bridges require less 

compressive strength from the soil than suspension bridges, making them a good alternative for 

applications where the soil is not strong enough for a suspension bridge. The primary 

disadvantage of truss bridges is the complexity of the construction phase. All of the steel 

members must be bolted or welded together which requires a large quantity of labor and funds. 

2.4.3 Arch Bridges 

Arch bridges are the oldest form of bridge system. They employ one vertically-curved 

compression member that transfer forces to foundations located at both ends of the span as seen 

in Figure 3. Materials for this system vary from timber to stone to steel, which provides flexibility 

in the design process. The arched member is responsible for the majority of the structural 

support, with vertical suspenders providing auxiliary support (Duan, 2015 A).  

 Like all bridge systems, the arch bridge is not applicable to all conditions. The major 

advantage to arch bridges is that all members are subject to compression which allow for a wider 

range of construction materials. This can decrease the overall cost of the bridge and make this a 

valid system option where materials are limited. However, as the span length of these bridges 

increases, tension can begin to propagate throughout the members, potentially causing failure. 

With larger spans, the middle members of an arch bridge develop tensile forces in the bottom 

Figure 2: Truss bridge diagram (Robb, 2016) 
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which may cause cracking. This limits the usable span length of these bridges. Therefore, arch 

bridge systems are not optimal for large span applications. 

2.5 Engineering Design Parameters 
Safety plays a major role in any design; for this reason it is important to comply with the 

regulatory agencies that govern the design and construction industries. For the proposed 

pedestrian bridge and building, the designs will be created in accordance with criteria in the 

design criteria documents displayed in Table 2. In the state of Massachusetts, it is critical that 

current and future transportation structures be in compliance with provisions of the American 

Association of State Highway and Transportation Officials (AASHTO), the Americans with 

Disabilities Act (ADA), and the Massachusetts State Building Code (780 CMR).  
Table 2: Pertinent Design Parameters 

 

Design Aspect Regulatory Agency Design Criteria 

Pedestrian Bridge 

American Association of State Highway and 
Transportation Officials (AASHTO) 

LRFD Guide Specifications for 
the Design of Pedestrian Bridges 

Americans with Disabilities Act (ADA) Standards for Accessible Design 
Massachusetts Department of Transportation 

(MassDOT) 
Massachusetts LRFD Bridge 

Manual 
 
 

Athletic Facility 

State Board of Building Standards and 
Regulations 

780 CMR: Massachusetts 
Amendments to the International 

Building Code 2009 
Americans with Disabilities Act (ADA) Standards for Accessible Design 

Figure 3: Arch bridge diagram (Shirley-Smith, 2017) 



  MQP LDA-1801 

14 
 

2.5.1 AASHTO Design Criteria 

Due to the pedestrian bridge’s location over MA Route 122A, the bridge must be 

constructed in accordance with the requirements of the Federal Highway Association and the US 

Department of Transportation. The Massachusetts Department of Transportation refers to the 

AASHTO design specifications for all of its bridge design criteria with some modifications. 

There are numerous parameters that must be considered when designing a structure of the 

magnitude of the proposed pedestrian bridge. One of which being the vertical clearance required 

over Park Avenue, which according to AASHTO is 17.5 ft. above the road surface (WSDOT, 

2017).  The manual also has requirements for allowable deflections, span-depth ratios, 

foundation parameters, drainage, and material requirements for structures passing over highways 

(AASHTO, 2014). This publication proved essential in the design of the pedestrian bridge to 

pass over Park Avenue.  

 2.5.2 ADA Design Criteria 

 It is essential that the both building and pedestrian bridge designs adhere to the 

American with Disabilities Act (ADA) standards (Department of Justice, 2010). Table 3 shows 

the corresponding reference sections and parts of the section that the criteria can be found in the 

ADA standards and design criteria. The table also states the design criteria that are relevant to 

the design of the pedestrian bridge, including slope requirements and handrail design 

requirements. These criteria were used during the design of the pedestrian bridge to ensure 

appropriate access to all facilities. 
Table 3: ADA Design Parameters 

Section Design Criteria 

302.3 & 3.3 Floor and ground surfaces shall be “stable, firm, and slip resistant.” 

302.3 If there are any openings in the surface the openings shall not exceed ½”. 

303 No vertical change in elevation greater than ¼” and if the surface is to be ramped. 

402 & 403 Ramps with a rise of greater than 6” must have handrails installed. 

405 & 406 Slope shall not exceed 1:20, cross slope shall not exceed 1:48, and the clear width for 

walking surfaces shall not be less than 36”. 

505 Handrails must be continuous along the entirety of the walking surfaces length. 

Handrails are not required on ramps with a running slope of 1:20. The gripping surface 

of the handrails must also be unobstructed for at least 80% of its length (with a 1-1/2”. 
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Chapter 4 of the ADA Design Standards provides information regarding accessible 

routes. This chapter states that, in general, accessible routes must consist of one or more of the 

following components: walking surfaces with a running slope of 1:20 or less, doorways, ramps, 

elevators, or platform lifts. For walking surfaces, the clear width must be a minimum of 36 

inches. However, the clear width is permitted to be reduced to 32 inches minimum for a length of 

24 inches maximum provided that the reduced width segments are separated by segments that are 

36 inches wide minimum and 48 inches long minimum. Door openings shall provide a clear 

width of 32 inches minimum. The clear width of an accessible route is shown below in Figure 4, 

and the clear width of door openings is also shown in Figure 5 (Department of Justice, 2010). 
 

Both of these clear width standards for walkways and door openings, respectively, were 

critical to use during the design of the pedestrian bridge. These standards will also impact the 

entry from the pedestrian bridge to the proposed building. When looking at connection options, 

these standards were taken into consideration to ensure walkways and doorways comply with 

clearances and other design parameters (Department of Justice, 2010). 

Figure 4: ADA Wheelchair Clearance Requirements (Department of Justice, 2010) 

Figure 5: ADA Door Clearance Requirements (Department of Justice, 2010) 
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There is also an ADA Standards section regarding elevators. While the design of the 

proposed athletic facility does include an elevator, the specific design of the elevator itself was 

not completed for this project. However, it is still important to be aware of the elevator standards 

for potential constructability or other issues that may occur during the design process 

(Department of Justice, 2010). 

Chapter 5 of the ADA Standards provides criteria regarding General Site and Building 

Elements. The design of the pedestrian bridge will also require handrails, and due to this it is 

important to use the criteria in the ADA Standards during the design process. Along the entire 

length of the walkway, handrails shall be provided on both sides of the walking surface. The top 

gripping surface of handrails must be between 34 and 38 inches vertically above the walking 

surface, and this height must be consistent along the entire length of the surface. This can be seen 

in Figure 6. Clearance between handrail gripping surfaces and adjacent surfaces must be a 

minimum of 1.5 inches. This can be seen in Figure 7. The handrail gripping surfaces must be 

continuous along their length and not obstructed along the top or sides, and the bottom of the 

gripping surface shall not be obstructed for more than 20 percent of the entire handrail length 

(Department of Justice, 2010). 

Figure 7: Handrail Height Clearance (Department of Justice, 2010) 

Figure 6: Handrail Clearance with Adjacent Surfaces (Department of Justice, 2010) 
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2.5.3 Massachusetts Building Code Design Criteria 

 The parameters gathered from the Massachusetts State Building Code 8th Edition, which 

includes the 2009 International Building Codes and ASCE 7-05 were the primary provisions 

affecting the design of the proposed athletic facility. ASCE 7-05 was in effect at the start of the 

project in August 2017 but the 9th edition became in effect as of January 1st, 2018. The 

publication contains wind, snow, and seismic loads and load factors to assume, given the 

location of the project (2009, International Code Council). Sections taken into consideration for 

the scope of design include: the Use and Occupancy Classifications; the General Building 

Heights and Areas; Types of Construction; Means of Egress, Energy Efficiency; Structural 

Design; Structural Tests and Special Inspections; Soils and Foundations; Concrete; Steel; and 

Safeguards During Construction.  

 Under the Use and Occupancy Classifications, the theoretical building being designed 

falls into two groups: Assembly Group A-3 and Business Group B. A-3 describes larger function 

halls used for recreational use, which pertains to the athletic field portion of the building and the 

athletic equipment portion of the building where the weight training and athletic training 

machines would be located. B describes the office section of the building and also has the 

educational occupancies for students out of high school and in higher education. The potential 

building will have a one 30-ft story area of 17,500 ft2 and a two-story area of 17,500 ft2 limiting 

the overall type of construction for these two groups to Type I-B construction. Type I-B 

construction consists of construction elements where the primary structural frame, the interior 

and exterior bearing walls, the floor construction, and the roof construction are made of 

noncombustible materials which have 2 hour fire-resistance rating requirement.  

 The structural design followed the design conditions for LRFD which includes different 

load combinations, deflection limits for members, dead and live loads, snow loads, wind loads, 

soil loads, and seismic conditions. For the soil, concrete, and steel components of the design, 

provisions from the International Code Council governed the materials, quality control, design, 

and construction, as well as the fabrication and erection of steel members. 

2.5.4 International Code Council Wind and Seismic Design Code Master 

To assist in the use of the various structural code requirements, code masters were used. 

The code masters are used as guidelines for the calculation of certain forces, such as wind and 

seismic forces that act on structures. To calculate the wind pressure acting on the face of the 
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building, the Wind Design Overview Codemaster (Structures and Code Institute, 2009) can be 

used which can have up to 12 steps that must be followed to determine the Net Design Wind 

Pressure. This code master breaks the process of calculating the wind pressure into multiple 

steps. Each step refers to a different calculation that references a different section to the code 

book, such as American Society of Civil Engineers (ASCE) 7-10 or the International Building 

Code (IBC). To calculate the seismic forces action on the building, the Seismic Design 

Codemaster (Structures and Code Institute, 2013) can be used which can have up to 11 steps that 

must be followed to determine the Seismic Base Shear and Seismic Load Effects. This code 

master breaks the process of calculating the wind pressure into multiple steps. The code master 

refers to the IBC 2012 and ASCE 7-10. These code masters can be helpful to standardize and 

streamline the process for structural engineers that are designing a building or other structure.  

2.5.5 LRFD Design Specifications 

Load and Resistance Factor Design (LRFD) is a limit state design method used in 

structural engineering. A structure designed using the LRFD method is proportioned to sustain 

all actions likely to occur during its design life and to remain usable. Previous to that, the design 

of steel structures was based solely on the Allowable Stress Design (ASD) or Working Stress 

Design (WSD) method. The LRFD method is used widely across the structural engineering 

industry, and was instituted by AASHTO in 1994. This method is based on reliability theory and 

statistics, and provides a uniform reliability for all limit states. Advantages of using the LRFD 

method on projects includes that it accounts for variability in load and resistance, achieves a 

uniform level of reliability, and it provides a uniform level of safety. For the design of building 

and pedestrian bridge, the LRFD design method was used.  

 For bridge design, AASHTO published the LRFD Bridge Specifications. The Federal 

Highway Administration mandated that as of October 1, 2007, all new bridges in the United 

States must be designed according to the LRFD code. The initial publication of the LRFD Code 

also succeeded in establishing a framework for introducing the bridge engineering community to 

the notion of a complete structural design specification on the basis of reliability theory while 

including a significant amount of recent engineering developments. For example, some of the 

most important were provisions for gravity loads, gravity load distribution, steel and concrete 

beam design, and concrete deck design. AASHTO has a variety of LRFD manuals dependent on 

bridge type, so the one specifically incorporated into the design of this project was the LRFD 
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Guide Specification for the Design of Pedestrian bridges (American Association of State 

Highway and Transportation Officials, 2009). This manual provided the necessary information 

on load combinations, formulas, and basic design methods. All three of these were important to 

learn about during the design of the pedestrian bridge in order to develop a design that satisfies 

all limit states. 

2.5.6 Ethics 

 Many designers follow a number of codes that act as guiding principles for engineering, 

design, and construction decisions. Codes often protect both workers and clients from poor 

business practices. The American Society of Civil Engineers (ASCE) states that “ethics is 

integral to all decisions, designs, and services performed by civil engineers.” Not only the public 

trust but also their lives, safety, and welfare depend on professional engineers' efficient, safe, and 

economical performance of their duties. ASCE has programs, policies, and resources that are 

designed to help professionals understand their ethical obligations and how to incorporate them 

into their professional careers. For this project, designs for the pedestrian bridge and building 

were developed while upholding the principles stated by ASCE. These principles state that 

“engineers uphold and advance the integrity, honor, and dignity of the engineering profession by 

using their knowledge and skill for the enhancement of human welfare and the environment, 

being honest and impartial and serving with fidelity the public, their employers and clients, 

striving to increase the competence and prestige of the engineering profession, and supporting 

the professional and technical societies of their disciplines” (ASCE, 2017). 

 As an academic activity, it can be very easy to ignore or alter problems that are faced 

during the design of the pedestrian bridge or building. The same ethical policies and principles 

were upheld, however, as if this project was for actual delivery. This includes the risks and 

dangers involved in designing infrastructure that will be used and occupied by students and 

faculty. During the design process of the proposed structures, the governing regulatory 

requirements and design standards were used, and issues related to safety were not ignored. By 

doing this, the ethical standards of the ASCE and the engineering community were upheld. 

2.6 Sustainability 
 Sustainability should be at the forefront of every engineer’s mind when designing or 

proposing a new structure. Designing structures to be sustainable not only makes economic 
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sense, it also makes ethical sense.  Being a technical and engineering school, WPI promotes 

sustainability with great significance. This means that any building or structure that WPI builds 

in the future will need to be sustainably designed and environmentally friendly (Ryan, 2017). As 

students of this Institution and future civil engineers, it is an ethical duty to ensure that this 

project is delivered in a manner that is both environmentally-friendly and sustainable for the 

generations of community members to come. Designing a structure for sustainability means that 

it has a smaller impact on the environment, whether that impact be immediate or in the future,  

and it ultimately means leaving a better planet for the next generation. Reducing the 

environmental impact of a construction project could include reducing the amount of energy 

used to build it, reducing the amount of greenhouse gases released from construction or 

materials, or reducing the amount of energy the building consumes over its lifetime. 

 Designing a bridge or building with sustainability in mind, requires conscience decisions 

on the building materials, design, and construction processes that will be used. “Humphreys and 

Mahasenan (2002) estimate that the cement industry is responsible for 3% of global 

anthropogenic greenhouse gas emissions and 5% of global anthropogenic CO2 emissions” 

(Noguchi, 2015). This shows that using cement to build a structure has environmental impacts 

that must be taken into account when designing sustainably. The amount used isn’t the only 

concern though. “Service life can be dramatically extended with little or no increase in – or even 

a reduction of – the environmental load” (Vanderly, 2003). If the service life of the cement and 

concrete structure can be extended less cement will be needed overall, saving life cycle costs and 

reducing emissions and energy usages.  

 When designing a structure, not only must the designer be critical of the global impact, 

but also of the local environmental impact. When a structure is built on a particular site, the 

properties of the location can change dramatically. For example, the area of permeable surface 

can decrease, causing an increase in rainwater runoff, and altering the current runoff and 

drainage characteristics. This can impact the local environment in many ways that are difficult to 

predict as is the case with erosion, flooding, and chemical dispersion. Depending on the site, a 

new structure may also alter or destroy animal and plant habitats, displacing or placing stress on 

the local community. For this reason it is important to asses each site and design ways to 

minimize the structure's impact on its surrounding area. Possible strategies that can be used or 

anticipated include minimizing asphalt parking, planting native trees and plants, using noise and 
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dust mitigation techniques during construction, and minimizing external light emissions and 

pollution at night with smart lighting. When changes must be made to the local site, the impacts 

should be fully assessed and analyzed prior to construction in order to be prepared for potential 

complications.  

2.7 Design Tools 
 In order to increase the efficiency of the structural design and analysis processes, various 

software and computer programs were utilized. This section discusses the uses of RISA 2D, 

AutoDesk Revit and AutoCAD, and Microsoft Excel within the framework of the project.  

2.7.1 RISA 2D 

 RISA 2D is a structural analysis software that allows users to create computer models of 

the structural members they have designed. These members are then arranged into the required 

structural configuration. Loads and load factors can be applied to the structure in both the 

vertical and horizontal directions to simulate the various load combinations that must be 

considered for design. The software is capable of analyzing the effects of the loads on the given 

structure and determining moment, shear, and deflection values. These values can then be used 

to size structural members and components and to ensure that the structural design is within the 

requirements established by the pertinent regulatory body.  

2.7.2 AutoDesk Revit 

 AutoDesk Revit is a 3D modeling software typically used for creating structural and 

architectural models of structures. The software allows the design to be created in 2D and 

develops that model into a 3D representation of the final product. Structural members such as 

trusses and columns can be created, as well as architectural finishes such as the façade and 

windows. This software was employed to create 3D renderings of the final structures to provide a 

proper visual representation of the final design. 

2.7.3 AutoDesk AutoCAD 

 AutoDesk AutoCAD can be used for both 2D and 3D modeling. It is useful in creating 

floor plans, elevation views, and detail drawings. The software allows designers the freedom to 

create and edit their designs until a solution is established. This software was primarily used to 

develop 2D drawings for supporting final structural calculations and architectural plans. 
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2.7.4 Microsoft Excel 

 Due to the nature of designing structures with numerous different loads and loading 

situations, the hand-calculations can become repetitive. Microsoft Excel software provides the 

ability to create spreadsheets capable of performing the necessary calculations for multiple 

iterations of similar member types. The software makes use of data and formulas to output the 

necessary design values. The sheets can be repeated, increasing the speed and efficiency of the 

design process. 
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3.0 Methodology 
 The following section contains information regarding the methods used to determine 

design procedures, select structural systems, perform calculations, and design certain members 

and components. This section discusses the preliminary design methods, the design of the 

proposed athletic building, the design of the proposed pedestrian bridge, and the methods used to 

present the final results. 

3.1 Preliminary Design 
 Prior to the structural design of the proposed athletic building and pedestrian bridge, 

some preliminary data and information was obtained. A site walk through and site survey were 

conducted by the team members in order to gather information about the site. This was done to 

define the area of interest and usable space for the designs. An interview was also conducted to 

gain perspective and additional feedback on what the WPI community would want if the 

proposed structures were to be built. This was done to define the occupant use and loading for 

certain areas of the structures. 

3.1.1 Survey 

 In order to start the design of the two structures, an initial topographical survey was 

completed to help locate a solution and define the site geometry. Using the rod and level 

technique, elevations were gathered at key points running from the Sports and Recreation Center 

to A.J Knight Field. Measurements were taken at a maximum of 10 ft. increments in an attempt 

to increase the accuracy of the data, while some measurements were taken at smaller increments 

at locations with steep grade changes. It should be noted that due to the site’s close proximity to 

a major roadway, high-visibility vests were worn to ensure that motorists were alerted to the field 

work.  

 Once elevations were obtained for the site, a topographical map and cross-section were 

created. These representations made it possible to develop a preliminary site layout and set 

geometric criteria of the site. 
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3.1.2 Interview 

 An interview was conducted on September 15th, 2017 with the Director of Physical 

Education, Recreation, and Athletics, Dana Harmon (Harmon, 2017). The interview provided 

additional insight for the usage and floor plan of the proposed athletic building. A list of 

questions was compiled to ensure that the necessary information was obtained. Director Harmon 

was able to provide additional aspects of the building which were not initially considered. The 

information obtained from this interview along with the site survey was used to develop the 

preliminary design for the building layout and bridge location. 

3.1.3 Sources for Design and Calculations 

 This section summarizes the different sources that were used to design and perform 

calculations for the members of the pedestrian bridge and athletic building. Table 4 shows the 

reference building codes and design specifications used. The information taken from the 

resources are also indicated in the table. 

 
Table 4: Sources Used to Complete the Following Procedures. 

  

Design References 

AASHTO LRFD Bridge Design Specifications 
(Knovel, 2010) 

● Bridge Pier Design 
● Bridge Footing Design 

MA Building Code, 8th Edition (Riley, 2010) ● Design Wind Loads 
● Design Seismic loads 

Design of Reinforced Concrete Structures 
(Subramanian, 2013) 

● Design of bridge footings 
● Bridge pier interaction diagram 

ASCE 7-10, 13 Edition (American, 2010) • Building Wind Design Loads 
• Bridge Wind Design Loads 

Wind Design Overview Codemaster (Structures 
and Codes Institute, 2009). 

• Building Wind Design Loads 
• Bridge Wind Design Loads 

International Building Code 2012 (ICC, 2012) • Building Seismic Design Analysis 

Seismic Design Overview Codemaster 
(Structures and Codes Institute, 2013). 

• Building Seismic Design load 
• Bridge Seismic Design Load 
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3.2 Design of Athletic Facility 
 This section details the various steps associated with the planning, floor lay-out, 

structural design, and calculation of the new athletic facility. The building was designed from the 

top down starting with the building roof and ending with the support footings. All calculations 

were performed using LRFD methods. 

3.2.1 Building Roof System Analysis 

 Two options were considered for the roof system of the proposed athletic building, a 

beam-and-girder system and a truss system. Load and Resistance Factor Design (LRFD) 

methods were used when considering the loads, load combinations, and design process. In Figure 

8 and Figure 9, the steps for the design of the beam and girder system and truss system can be 

respectively seen. Due to the current standards, hot-rolled, wide-flange shapes, 60 ksi steel was 

used for the design of the beam-and-girder system. After both systems were designed and 

investigated, the truss system was chosen due to its relatively higher weight-to-strength 

efficiency when compared to the beam and girder system.  

 

 Determine Loading and Material Properties 

 Determine max moment and required plastic section 
modulus 

 Select a member size to adequately withstand the moment 

 Update loading to include self-weight 

 Check live load and total load deflections 

 Are deflections ok? 

 Yes 

 No 

Figure 8: Procedure Used to Design a Beam and Girder System. 
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Figure 9: Procedure Used to Design the Building Roof Truss System. 

3.2.2 Building Second Floor Design and Analysis 

 A beam and girder system was considered for the 2nd floor of the proposed athletic 

building and was designed using LRFD. This type of system was chosen due to its weight 

reduction and construction speed when compared to reinforced concrete as well as its height 

when compared to a truss system. The steps used to design the beams and girders can be seen in 

Figure 10.  

Two different systems were analyzed for the floor decking on the second floor including 

a hollow-core precast concrete slab system and a solid reinforced concrete slab. Calculations 

were completed to determine the weight of each system in order to minimize the dead load on 

the second floor. Other considerations that were taken into account when selecting a flooring 

system included cost, time, serviceability, and aesthetics. The second-floor, slab design also 

followed LRFD design criteria and the steps used can be seen in Figure 11. For a more detailed 

process, consult Appendix E with the calculations. After both decking types were designed and 

analyzed, it was determined that the precast hollow-core planks would be lighter and would 

allow for faster construction since they would not have to be cast in place. After considering 

 Determine loading, material properties, and truss geometry 

 Calculate snow, wind, and pedestrian loads 

 Convert distributed loads to point loads at truss verticals  

 Find max force in top and bottom truss chord 

 Find max force in truss diagonal   

 Check design capacity of pertinent members 
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these factors, the pre-cast planks were chosen to be used on the second-floor of the proposed 

athletic building.  

 
 

 

Assign 
member layout 
and tributary 
width. 

Determine 
loading (dead 
and live). 
Calculate live 
load reduction. 

Determine 
governing load 
combination. 

Calculate 
maximum 
moment. 
Select W-
shape size. 

Recalculate 
loading using 
member self-
weight. Check 
member size. 

Check live 
load 
deflections and 
total 
deflections. 

Figure 10: Procedure Used to Design the Building Second Floor. 

 Assess loading, material properties, and one-way slab dimensions 

 Estimate height and calculate moment 

 Determine the ratio between area of steel and area of concrete  

 Calculate minimum effective depth 

 Interpolate to determine longitudinal area of steel. 

 Check shear capacity 

Figure 11: Procedure Used to Design the Building Second Floor Solid Reinforced Concrete Slab. 
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3.2.3 Building Column Design and Analysis 

 The steel columns were designed following LRFD methods for the proposed athletic 

building. W-sections were used for the columns and column segments were sized based on 

effective length. The columns were standardized to be only one size for ease in construction. All 

of the columns were designed using the procedure depicted in Figure 12.  
 

 

 
 
 
 

 Assess tributary area and loading for each column and 
material properties 

 Determine required load the column must withstand 

 Select member size that is adequate for load 

 Check column slenderness according to steel selection 

 Check load capacity (Pu vs ΦPn) 

 Is load capacity sufficient? 

 Yes 

 No 

Figure 12: Procedure Used to Design the Building Columns. 
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3.2.4 Building Wind and Seismic Analysis 

The proposed athletic building employs a symmetrical moment-resisting truss system to 

resist lateral loads. The process used to select this type of lateral force resisting system can be 

seen in Figure 13. 

The Wind and Seismic load analysis for the proposed athletic building followed the 

requirements of the ASCE 7-05 with aid from the Wind Design Overview Codemaster 

(Structures and Codes Institute, 2009). The wind design loads were calculated using the ASCE 7 

Simplified Procedure for the main wind force resisting system (MWFRS). The basic wind speed 

for Worcester, MA was found using the MA building code 8th edition Table 1604.11. The wind 

design load was applied to each vertical face of the proposed building to calculate the applied 

force on the building. The wind force was then transferred from the face of the building to the 

braced frames located at the four corners of the building. The use of the steel braced frame 

system was chosen based on the evaluation of three different systems. This evaluation can be 

found in Table 5. The braced frames were designed to resist the wind loads applied on the 

building and resist horizontal deflections at each story of less than 1 in. The calculation for the 

building wind load can be found in Appendix E. The process used to select a wind design 

method can be found in Figure 13. The process used to design the braced frame system can be 

found in Figure 14. 
Table 5: Lateral Load Resisting System Evaluation. 

Lateral Load Resisting Systems 

System Type Advantages Disadvantages 

Concrete Shear Walls High strength and lower cost. Longer construction time. 

Moment Resisting Frames More architectural flexibility. Higher cost of connections. 

Steel Braced Frames Lightweight and no need for 

moment resisting connections. 

Less architectural flexibility. 
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Determine Loading and Geometry of 
Vertical Truss. 

Determine Design Criteria, Including 
Deflection Limitation. 

Input Truss Design into Structural 
Model: RISA. 

Check Design Criteria Including Story 
Deflections. 

Figure 13: Procedure Used to Design Building Lateral 
Load System. 

Determine Basic Wind Speed (3-second 
gust) 

Determine Exposure Category. 

Determine Mean Roof Height. 

Determine Exposure Classification of 
Building. 

Determine Wind Design method. 

Figure 14: Procedure Used to Determine Wind Design 
Method. 

The seismic load analysis for the proposed building followed the requirements in the 

ASCE 7-10 (American, 2010), the International Building Code (IBC) 2012 (ICC, 2012), and 

the Seismic Design Overview Codemaster (Structures and Codes Institute, 2013). The 

earthquake response accelerations, Ss and S1, for the maximum considered earthquake for the 

town of Worcester were given using the MA building code 8th edition Table 1604.11 (Riley, 

2010). Using these values, the factors and classifications determined in ASCE 7-10, and the 

associated loads of the building, the seismic forces were calculated and applied to the 

appropriate story on the braced frames located in the corners of the proposed athletic 

building. A response modification coefficient value of 3 was used for the building, meaning 

that no special seismic detailing was required. The loads included in the seismic calculation 

can be found in Appendix E. The Equivalent Lateral Force method was used for seismic 

loading. The braced frame system was then designed to resist the seismic forces and control 

deflections of the building of less than 1 in. The process used to determine the seismic 

loading can be found in Figure 15. 
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3.2.5 Building Footing Design and Analysis 

 The footings for the columns for the proposed athletic building were designed using 

allowable bearing pressure method. The steps used to design the column footings can be seen in 

Figure 16. For a more detailed process, consult Appendix E with the calculations.  

 

Determine Ss and S1 for the Geographic location of the 
building. 

Determine Seismic Design Category 

Determine Analysis Procedure. 

Determine Response Modification Coefficient. 

Determine Seismic Base Shear 

Distribute Shear Over height of Building  

Determine Redundancy factor, 
Determine Seismic load Effect, 

Check Drift Control Requirements. 

Figure 15: Procedure used to Determine Seismic Loading on Building. 
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Figure 16: Procedure Used to Design Building Column Footings. 

3.2.6 Building Elevator Hoist Beam Design 

In order to improve the flow of traffic within the building and increase the ease with 

which equipment is moved, a hydraulic elevator was placed in the facility’s southern-most 

corner. The primary calculation performed on the elevator was to design the hoist beam 

responsible for moving the elevator when the hydraulic piston is out of commission. The design 

was performed using the LRFD method for beam analysis. The full calculation for this beam can 

be found in Appendix E. 

3.3 Design of Pedestrian Bridge 
This section details the various steps associated with the planning, design, and calculation 

of the pedestrian bridge connecting the Sports and Recreation Center and the new athletic 

building. The bridge design began with the roof frame and ended with the support footings. 

Seismic and wind force calculations were also performed due to the geometry of the structure. 

Drawings of the proposed pedestrian bridge were done using software provided by WPI 

including Autodesk AutoCAD and SOLIDWORKS. 

 Assess Loading and Material Properties 

 Determine required footing dimensions to withstand loading 

 Determine thickness based on concrete strength and shear capacity 

 Check shear capacity of concrete 

 Determine ultimate moment in footing 

 Determine reinforcement needed 
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3.3.1 Bridge Through-Truss Analysis 

 Multiple bridge types were considered in the preliminary planning of the pedestrian 

bridge. However, given the required span and desire to maximize the clearance height of the 

structure, a through-truss bridge was selected. The use of a truss also provides advantages when 

compared to other options such as steel girders or pre-stressed concrete. The through truss uses 

small steel members making the bridge easier to transport, more efficient, and weigh less than 

the other options. The through truss is also unique because the structural members are located 

adjacent to the walking area, as opposed to below on the other options. This allows the bridge to 

maximize the clearance height below the bridge. The truss was designed using the same 

procedure as the building roof truss outlined in Figure 8.  The complete calculations can be 

found in Appendix F. 

3.3.2 Bridge Lateral Force Analysis 

 The bridge lateral force resisting system was designed to resist the lateral loads applied to 

the bridge superstructure. The lateral loads applied to the superstructure included the applied 

wind forces, but did not included lateral seismic forces because the proposed pedestrian bridge 

was determined to be classified in Seismic Design Category (SDC) A using the procedure 

outlined in Figure 15 and Appendix F. SDC A requirements for structures do not include a 

specific seismic design to be done. This means that the lateral force resisting system was not 

required to be designed to resist seismic loading.  

The system chosen to resist the lateral loads and deflections was a horizontal truss system 

parallel to the length of the bridge. The procedure used to design this lateral truss can be found in 

Figure 13, as it was designed using the same methods as the building lateral load resisting 

system. The lateral trusses were placed at the top and bottom of the superstructure connecting the 

two through-trusses to minimize twisting under eccentric loading conditions. The calculations for 

the lateral truss can be found in Appendix F. 

3.3.3 Bridge Roof Frame Analysis 

 The roof frame of the proposed pedestrian bridge was designed using LRFD. The lateral 

members of the frame were designed as steel beams following methods similar to that in Figure 

10. The horizontal members of the roof frame were designed as short steel columns following 

methods similar to that in Figure 12. The roof frame was designed to slope in two directions as to 
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allow for proper drainage of rain and snow melt. This was done by decreasing and increasing the 

length of the 2 column members and keeping the slope of the horizontal beam constant. 

3.3.4 Bridge Piers 

The pedestrian bridge superstructure is supported by the bridge piers. The piers transfer 

the live and dead loads of the superstructure to the bridge substructure. The piers were designed 

for the most critical loading and lengths and were applied to all piers for aesthetic and 

constructability reasons. Since the pedestrian bridge is exposed to wind and seismic forces in all 

directions, the piers were designed to be cylindrical which allows them to resist lateral loading 

symmetrically in all directions. Due to the unbraced length of the most critical pier, the piers 

were designed for the minimum size to ignore slenderness design concerns. Once this minimum 

size was determined, the piers were checked for their ability to resist the imposed superstructure 

forces, including live loads, dead loads, and wind loads. This was done using the column 

interaction diagram for spirally reinforced cylindrical columns with a concrete strength of 4 ksi 

and reinforcement strength of 60 ksi. 

3.3.5 Bridge Pier Caps 

The pedestrian bridge superstructure is connected to the concrete piers by a column pier 

cap. The caps are located at the top of the pier and were designed using LRFD. To design the 

reinforced concrete member, the caps were simplified as cantilever beam sections extending 

beyond the body of the pier and supporting the forces imposed onto it by the bridge 

superstructure. The connection between the pier cap and the bridge through-truss consists of an 

elastomeric bearing. 

3.3.6 Bridge Elastomeric Bearings 

 The elastomeric bearings were designed using AASHTO LRFD Bridge Design 

Specifications 3rd edition with 2004 with 2005 interims, using method B. There are four 

elastomeric bearings located at the top of each bridge pier cap. They are designed to connect the 

pedestrian bridge truss chords to the pier caps. They were designed to be circular in order to 

provide symmetrical load resistance and dampening in all directions, similar to the bridge piers. 

The elastomeric bearings consist of stacked steel plates with alternating rubber dampening layers 

in between. The bearing layers are also encased in rubber to protect the steel from corrosion. 
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They were designed to support the bridge superstructure loading including the dead loads, live 

loads, and lateral loads. 

 

3.3.7 Bridge Footings 

The footings for the bridge piers were designed using LRFD and the Design of Concrete 

Structures (Subramanian, 2013). The footings were designed as rectangular spread footings in 

order to distribute the superstructure loading across the soil beneath. They were designed to 

minimize settling and resist overturning of the bridge superstructure. The process used to design 

the bridge footings can be found in Figure 17. This process was done for two different footing 

designs based on different columns heights and tributary widths. For footing calculations, see 

Appendix F. 

 

3.4 3D Modeling and Cost Analysis 
 Both a cost analysis and 3D computer models were prepared to help present the final 

design to the public. The models and drawings created were done using AutoDesk Revit and 

AutoCAD. While the cost analysis was performed using Microsoft Excel. 

Determine Loading and Allowable Bearing Pressure supporting the Footings. 

Determine Required Area and Dimensions of Footings. 

Determine Pressure Distribution Acting on Footing. 

Determine Required Effective Depth of Footings Based on Governing Shear. 

Check One-Way and Two-Way Shear capacity. 

Check Required Reinforcement Area and Design Reinforcement. 

Figure 17: Procedure Used to Design the Bridge Footings. 
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3.4.1 Building, Bridge, Merging 

 Once the building and bridge designs were complete, separate 3D models were created in 

Revit. First, a structural model of the building was created displaying the designed beams, 

girders, columns, and roof truss. After this, architectural floor plans were created to depict the 

materials and facade of the proposed building. This helped to not only visualize the structural 

members of the building, but also to view how they connect and what the facade looks like and 

Revit was also used to generate schedules and help determine material types and amounts to be 

used in the cost analysis. The bridge model was created in a separate Revit file, depicting 

structural members and architectural components as well. Once both models were developed, 

they were merged into one Revit file to show how they connect together. 

3.4.2 Renderings 

 Using the 3D model of the pedestrian bridge and athletic building, SightSpace Pro 

(SightSpace, n.d.), was used to generate an interactive rendering. SightSpace Pro is a paid 

application that converts .DWG files into virtual reality models that can be used interactively to 

display a 3D rendering. In addition, Google Sketch Up and Google Earth were used to create a 

realistic model of the structures superimposed on the site. These applications were used to 

convey design ideas in a visual and consolidated form. 

3.4.3 Cost Analysis 

 The final step in the process of designing this major addition to WPI’s campus was to 

develop an initial cost estimation for the project as a whole. Using various models and drawings, 

quantity take-offs were performed to establish the total quantity of materials required to 

complete the project. These values were input into a Microsoft Excel spreadsheet for ease of 

calculation. Once material quantities were established, R.S. Means Square Foot Costs 2016 and 

R.S. Means Building Construction Costs Data 2017 were used to determine the costs of materials 

and labor for the major components of the construction project. A square foot estimate was used 

to calculate the cost of installing MEP items rather than developing full piping and electrical 

schedules. The costs were then multiplied by a location factor to adjust for the increased cost of 

material and labor in Massachusetts. They were also adjusted for price inflation from the year 

2016 to 2017. Lastly, engineering fees and project contingency were added to complete the cost 

estimate. The estimated contingency was determined using the data within Table 6, the project 
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was determined to be in the preliminary study phase. While Figure 18 was used to determine an 

estimate for the anticipated design fees. Based on the nature of this project, it was classified as a 

Group II project.  
Table 6: Typical estimate contingency in Massachusetts (DCAM, 2006) 

Project Phase Restoration New Construction 

Preliminary Study 20% 15% 

Schematic Design 15% 10% 

Design Development 10% 5% 

Construction Documents 0% 0% 
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Figure 18: Typical design fees for construction projects in Massachusetts (DCAM, 2015) 
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4.0 Design Strategy 
 This section contains information regarding the design objectives and restrictions created 

by the architectural program, current site conditions, and desired usage of the new athletic 

facility and pedestrian bridge.  

4.1 Current Site Details and Limitations 
 The proposed athletic building is to sit on the plot of land directly across Massachusetts 

Route 122A (Park Avenue) from Alumni Field, on the campus of Worcester Polytechnic Institute 

(WPI) as seen in Figure 19. This site is currently underutilized by the Institution and is 

disconnected from the entirety of campus. In order to access the field, members of the WPI 

community must cross a hectic, four-lane state highway without the use of a convenient 

crosswalk that is readily accessible from the central campus. This creates an unsafe environment 

for pedestrians and should use of the location increase, a safer means of crossing is necessary.   

 The entirety of the proposed building site and current tennis courts is approximately 

100,000 ft2. As currently proposed, the project will leave the three tennis courts on the far 

northwest side of the site untouched. This will leave adequate space for parking and the new 

structure, as well as continue to provide tennis courts for students, the WPI community, and the 

club tennis team. The proposed building site has a relatively level topography and is elevated 

above Park Avenue by a distance of approximately 12 ft.  
 

 

 

 

 

 

 

 

 

 Figure 19: Aerial View of the Proposed Site. 
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The site’s 12 ft. elevation above the sidewalk along Park Avenue does not allow 

sufficient clearance for a pedestrian bridge over a state highway. The required clearance, per 

Massachusetts Department of Transportation (MassDOT) Load and Resistance Factor Design 

(LRFD) Bridge Specifications (2013), is 17.5 feet, which can be seen in Figure 20. This requires 

the bridge to pass 5.5 feet over the current elevation of the athletic facility site. Therefore, it will 

be necessary to develop a connection between the bridge and building that meets American with 

Disabilities Act (ADA) regulations. Ground level and elevated connections will be considered. 

The space for the pedestrian connection bridge, as seen in Figure 19, is currently 

occupied by a concrete sidewalk, black chain-link fence, and a small, unused portion of the 

athletic track. The elevation of the track walkway remains approximately level throughout its 

entire length and elevates as it approaches Park Avenue at a retaining wall and sloped hill. The 

bridge height will be adequate for the usage of the walkway and track area to remain unchanged. 

However it will be necessary to place structural piers and footings along the walkway and hill to 

support the pedestrian bridge. These piers will be placed so as to minimize their impact.  

According to the United States Department of Agriculture, the selected site sits on the 

border of two soil survey zones. One zone consists of 90% Paxton fine sandy loam, and the other 

is comprised of 80% udorthent soil over loamy basal till (Taylor 1985). Udorthent soils are a 

gravelly topsoil that have been placed back on site following an excavation. This site is more 

than 80 inches above the water table and is not flooding prone (Taylor, 1985). This information 

Figure 20: Cross-Section of Current Site Ground Conditions. 
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proved useful in determining the type, size, and design of foundation elements for both the 

athletic facility and pedestrian bridge. 

While the site is adequate for the construction of the new facility, several potential 

alterations have been identified. One potential alteration to the site could include the addition of 

an access road and parking lot for the proposed building. The facility will be accessible via the 

pedestrian bridge, but it will also be necessary to provide parking for vehicles. This addition will 

require regrading of the site in order to tie in with Route 122A. Regrading the site could lead to 

potential issues with storm water runoff down the access road and onto Park Avenue. For this 

reason, during the development of the site plan for the facility, the drainage and runoff from the 

new facility was taken into consideration, but the design of these components was not in the 

scope of the project. Given the current location of existing buildings, their elevations, and the 

available space, the proposed site for the construction of the new athletic facility is a valuable 

opportunity to expand and connect WPI’s campus with minimal required site alterations.  

4.2 Athletic Facility Architectural Program and Design Strategy 
 An interview with WPI Athletic Director, Dana Harmon, was conducted in order to 

develop an architectural program and intended usage for the proposed building. The interview’s 

primary take-away was the need for space to accommodate the growing student body and 

faculty. In order to solve this, the new facility will provide varsity athletes with the space they 

require for training, weight-lifting, and stretching thus freeing up space in the current Sports and 

Recreation Center for the rest of the WPI community. Director Harmon suggested relocating the 

athletic training room, providing meeting space for teams, and providing indoor training space. 

The layout of the building is provided in Figure 21 and Figure 22. 

This project aimed to increase the training space available to WPI varsity athletes and 

free up space in the already-crowded Sports and Recreation Center. The new facility requires 

space for strength training, athletic training, team-specific meeting space, and a large open area 

to accommodate athletic events and practices. For this reason, the new structure will need a large 

open space without columns and minimal columns throughout the remainder of the building. The 

need for large spans creates large girder sizes. In order to reduce the self-weight of the roof 

members, a Warren truss was used to support the roof. While the truss is deeper than potential 

roof girders, the reduction in total weight allowed for smaller structural columns.  
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The space layouts, shown in Figure 21 and Figure 22 allow for large structural columns 

directly down the centerline of the building and along the perimeter. The large open space must 

be two stories tall to accommodate athletic uses. The average ceiling height of an athletic 

gymnasium is 24 ft (Education Facilities and Specifications, 2012); however, in order to provide 

flexibility in the usage of the space, the large field space will have 30-ft ceilings. The structural 

columns in the facility will span from the foundation to the ceiling in order to simplify the 

erection process. Lateral bracing was specified at the end-bays along each side of the building. 

This will allow for the necessary lateral reinforcement and eliminate any diaphragm torsion 

caused by wind and seismic loads.  

 The usages of each room control the various design loads that were considered within the 

spaces. The weight room facility will be located on the 1st floor of the building to allow the 

added load from the weights and equipment to be supported by a slab on grade. This allows for 

the space on the 2nd floor to be utilized for lighter loading, such as athletic training and meeting 

space. A facility such as this should maximize the amount of functional floor space to increase 

the number of potential activities it can house, and the design decisions were made accordingly. 

Lastly, the architectural finishes of the building were defined to match those of the current Sports 

and Recreation Center, as seen in Appendix B. 

Figure 22: Proposed Athletic Building Floor Plan, 1st Floor Figure 21: Proposed Athletic Building Floor Plan, 2nd 
Floor 
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4.3 Pedestrian Bridge Architectural Program and Design Strategy 
The project aimed to expand and connect the WPI campus by improving accessibility and 

safety through the design of the pedestrian bridge. Given that this bridge expands the reach of the 

campus, it is critical that the final architectural layout blends the new athletic facility into the rest 

of campus. The architectural finishes for the bridge must also match the ones shown in Appendix 

B. A technical institution, such as WPI, requires that structures be modern, efficient, and be of 

high quality. For this reason, the bridge is sheathed with tempered glass and supports solar 

photovoltaic modules on its slanted roof. The roof is slanted in a manner that allows for 

maximum solar panel production, given the solar irradiance experienced by the location. 

However, given the bridge’s location over a busy highway, its proximity to varsity athletic fields, 

and exposure to the harsh New England climate, it is important that the materials chosen for the 

design provide durability and longevity. The bridge is laid-out in order to accommodate two 

lanes of pedestrian traffic for individuals coming to and from the new athletic facility. The width 

of the bridge, per 2010 ADA specifications, must be a minimum of 7 ft. Space below the sloped 

roof as well as under the flooring is designated for the mechanical, electrical, and plumbing 

(MEP) required to make the transition between buildings seamless. A cross-section of the bridge 

superstructure can be found in Figure 23. 

Figure 23: Proposed Pedestrian Bridge Cross-Section 
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The bridge was designed using a through truss because this allows for the bridge to be 

enclosed on all sides and supports the weight of both the pedestrian traffic and the roof. The 

through truss is connected to the lateral force resisting system, located at the top and bottom of 

the cross-section, using fixed connections to resist racking distortion, or lateral sway, of the 

superstructure. The truss design also allows for long spans, which is required in order to 

minimize the impact of structural piers on the area below. The final layout of the support piers 

can be found in Section 6.4. Additionally, roof drainage will be critical for this bridge given its 

location. To allow for proper drainage, the roof is angled in two directions. As it spans over a 

State Highway, mitigating rain and snow falling onto the road below is of the utmost importance. 

For this reason, drainage gutters and snow guards were defined along the roof of the bridge to 

allow for water runoff and prevent snow from falling from the bridge onto the cars below.  

 

4.4 Bridge Connection Design Strategy 
Both energy efficiency and student safety are major concerns of colleges and universities 

in current times. In order to ensure that both of these factors are properly addressed, vestibules 

that are accessed via a WPI ID card are provided at both ends of the bridge. However, in addition 

to safety and energy concerns, the connections between structures are critical because they are 

being tied into currently existing locations. 

 The connection of the pedestrian bridge to the new athletic facility is located on the first 

floor and was not connected structurally to eliminate additional loading on the athletic facility. 

The bridge is supported by a square concrete pier at the proposed athletic facility and structural 

piers were used throughout the rest of the bridge span. Factors such as cost, constructability, and 

the effect on the functionality of the facility were considered when making the design selection.  

 The bridge connects to the southeast side of the cantilevered viewing station attached to 

the Sports and Recreation Center. However, the cantilevered design of this structure raises 

concerns with making a load-bearing connection at this location. A structural pier was placed 

adjacent to the south wall of the Sports and Recreation Center. This pier carries the load of the 

bridge. The northwest side of the view station’s third-floor curtain wall must be removed to 

allow for access to the bridge. Matching glass is required to enclose the walls of the bridge to 

ensure continuity across the entire facility.  
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5.0 Design of Athletic Facility Building 
 This section contains the results of the structural design and analysis of the proposed WPI 

Athletic Building. The design was performed using hand calculations and Microsoft Excel 

spreadsheets, while referencing the 14th Edition of the AISC Steel Construction Manual, ASCE 7-

10 standards, and the 8th Edition of Massachusetts State Building Code. The structural design of 

this building includes steel trusses, girders, beams, columns, lateral bracing systems, base plates, 

and concrete footings and pedestals. A general grid was created to help with structural member 

layout and calculations. The truss layout imposed on this grid can be found in Figure 24.  

5.1 Design of Building Roof Truss 
The first structural component of the building designed was the roof system. Both a beam 

and girder system and roof truss system were considered, but due to cost and weight it was 

determined that a roof truss system was the better structural system for this facility. Appendix E 

contains the hand calculations for the roof truss design calculations and the beam-and-girder 

calculations. Each roof truss spans 100 ft in length with a height of four feet and ten panels that 

are each ten feet long. There are 16 trusses total in the roof system and each are 25 ft apart from 

25’ 

25’ 
Figure 24: Proposed Building Alphanumeric Building Grid 
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one another. The vertical lines in the figure do not represent any structural members, they are 

used to depict where each truss begins and ends. At each end of each roof truss, there is a 

structural column that extends from the first floor to the roof that the roof truss connects to. 

Horizontal, vertical, and diagonal members were designed in order for the truss to support the 

various roof loadings. A diagram of one panel in the roof truss is shown in Figure 25. During the 

design of the roof truss system, key assumptions were made. These assumptions can be seen 

below in Table 7. The various member types and quantities for the roof truss can be found in 

Table 8 and the member schedule for the beam-and-girder roof system can be found in Table 9. 

 

 

 

 

 

 

 

 

 

 

 
  

Diagonal Member 

Horizontal Chord 

Vertical Member 

10’ 

4’ 

Figure 25: Truss Panel Diagram 
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Table 7: Building Roof Truss Key Assumptions 

Key Building Calculation Assumptions 

Roof Truss 

Roof deck loading 10 psf 

Insulation loading 2 psf 

MEP loading 5 psf 

Ceiling loading 3 psf 

Snow loading 42.4 psf 

Roof live loading 20 psf 

Load Combination 1.2D + 1.6(Lr or S or R) 

Truss 

Length 100 ft 

Height 4 ft 

Total Dead Load 20 psf + Truss self-weight 

Diagonals 

Number per truss 10 

Length 10.77 ft 

Verticals 

Number per truss 11 

Length 4 ft 

Horizontal Chords 

Number per truss 20 

Length 10 ft 

 
Table 8: Truss Roof Member Schedule 

 

Member Type Size Member Length Quantity Material 

Horizontal Chord WT 9 x 71.5 10 ft 20 A992 Steel 

Vertical Member LL 3 x 2.5 x 3/16 4 ft 11 A36 Steel 

Diagonal Member LL 4 x 4.0 x 3/4 10.77 ft 10 A36 Steel 
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Table 9: Beam-and-Girder Roof System Member Schedule 

 

5.2 Design of Building Second Floor 
Following the design of the roof truss, the second floor beam and girder system was 

designed. This system is only present on one half of the building, for the other half is an open 

space that spans both levels. A portion of the beam and girder system layout is shown in Figure 

26. Four types of members were designed, and the location of these typical members is shown in 

Figure 26 as well. Key assumptions made in the beam and girder system calculation can be seen 

in Table 10. The various member types and quantities can be found in Table 11. 

 
Figure 26: Second Floor Beam and Girder Layout (Figure Does Not Show Entire Building) 

Member Type Size Member Length Quantity Material 

Interior Beam W12x16  25 ft 273 A992 Steel 

Exterior Beam W12x16 25 ft 14 A992 Steel 

Interior Girder W40x593 100 ft 12 A992 Steel 

Exterior Girder W12x22 25 ft 16 A992 Steel 

G2 

25’ 

100’

25’ 

25’ 

G2 G2 G2 

B2 B1 B1 B1 B1 B1 B2 B1 B1 

G1 G1 
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Table 10: Building Second Floor Beam and Girder Key Assumptions 

Key Building Calculation Assumptions 

Second Floor Beam and Girder Framing 

Insulation loading 2 psf 

MEP loading 5 psf 

Ceiling loading 3 psf 

Load combination 1.2D+1.6L 

Resistance Factor (Ф) 0.9 

Yield Strength of Steel (Fy) 50 ksi 

Modulus of Elasticity (E) 29,000 ksi 

Internal beam (B1) 

Tributary width 5 ft 

Length 25 ft 

External beam (B2) 

Total dead load 20 psf 

Tributary width 2.5 ft 

Length 25 ft 

Internal Girder (G1) 

Length 100 ft 

Tributary width 25 ft 

Dead load 20 psf + 19 * B1 Self-weight 

External Girder (G2) 

Length 25 ft 

Tributary width 12.5 ft 

Dead load 20 psf + 4 * B1 Self-weight 
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Table 11: Second Floor Beam and Girder Schedule 

Member Type Size Member Length Quantity Material 

B1 W 14x30 25 ft 49 A992 Steel 

B2 W 12x19 25 ft 14 A992 Steel 

G1 W 30x99 50 ft 12 60 ksi Steel 

G2 W 14x30 25 ft 8 60 ksi Steel 

 

5.3 Design of Building Columns 
 Following the design of the roof truss and second floor beams and girders, columns were 

designed to support the various loadings established by the usage of the facility and snow 

loadings as well. The layout of the columns is shown in Figure 27. In all, nine total column types 

were designed and analyzed, and all member sizes were relatively similar. The calculations for 

each of these members can be found in Appendix E.  However, one typical column was utilized 

within the structure to make the erection process much simpler. While only one typical column 

size was used, there are varying lengths used throughout the building. Key assumptions for all 

column design calculations can be found in Table 12. The quantity of each length in Table 13. 

The loading cases vary between columns, these values can be found in Appendix E.   
 

 

Figure 27: Column Layout 
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Table 12: Building Columns Key Assumptions 

Key Building Calculation Assumptions 

Columns (Beam and Girder) 

Roof deck Loading 10 psf 

Insulation Loading 2 psf 

MEP Loading 5 psf 

Ceiling Loading 3 psf 

Bar Joist Loading 10 psf 

Snow Roof Live Load 42.4 psf 

Roof Live Load 20 psf 

Load Combination 1.2D+1.6L+0.5(S or Lr or R) 

Resistance Factor (Φ) 0.9 

Yield Strength of Steel (Fy) 50 ksi 

Modulus of Elasticity (E) 29,000 ksi 

Table 13: Schedule of Columns 

Member Size Member Length Quantity Material 

W 12 x 53 30 ft 36 A992 Steel 

W 12 x 53 15 ft 6 A992 Steel 

 

5.4 Design of Building Lateral Reinforcement System 
 The Building was designed to sustain and resist lateral and vertical wind and earthquake 

loading scenarios. The building resists lateral forces by utilizing lateral load resisting frame 

systems located symmetrically in its four corners. Each corner has two lateral load resisting 

frames, each resisting lateral loads in perpendicular directions to each other. The frames use 

diagonal and horizontal bracing elements to resist the lateral loads. Wind and seismic loads were 

calculated using ASCE 7-10 standards. The key assumptions for the seismic and wind load 

calculations can be seen in Tables 14 and 15, respectively. A typical frame was then input into 

RISA 2D to analyze the effects of the load combinations on the frame, including deflections, 

joint reactions, and story drift. The design of a typical lateral force resisting frame for earthquake 
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and wind forces can be seen in Figure 28 and Figure 29, respectively, and member sizes can be 

found in Table 16. 
Table 14: Building Seismic Calculation Key Assumptions 

Key Building Calculation Assumptions 

Building Seismic Design 

Site Class D 

SS 0.24 (Massachusetts State Building Code, 2010) 

S1 .067 (Massachusetts State Building Code, 2010) 

Seismic Design Category B 

Risk Category II 

Seismic Force at Level 3 per frame 30.09 kips 

Seismic Force at Level 2 per frame 18.84 kips 

Figure 28: Lateral Load Resisting Frame for the Athletic Facility with Earthquake Loading 
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Table 15: Building Wind Design Key Assumptions 

 
Table 16: Schedule of building lateral members 

Member Type Member Size Quantity Material Length 

Horizontal L 3 x 2 x 1/2 16 A36 Steel 25 ft 

Diagonal L 3 x 2 x 1/2 16 A36 Steel 30 ft 

 

5.5 Design of Building Footings 
As a final step in the structural design all of the athletic facility, the baseplates, pedestals, 

and footings were designed to support the entirety of the loads carried throughout the building 

Key Building Calculation Assumptions 

Building Wind Design 

Velocity Pressure Coefficient (qz) 0.00256kzkztkdV2 

Exposure Category B 

Reference Wind Speed 100 mph 

Figure 29: Lateral Load Resisting Frame for the Athletic Building with Wind Loads 
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previously established. The layout and dimensions of the footing components can be seen in 

Figures 30 and 31. In all, nine different footings were designed for the nine different columns but 

some of the footings were similar in size due to the similarity in the column sizes and loads. The 

calculations for each of the different individual footings can be found in Appendix E.  

However, due to the variability in load for each column and the fact that each column 

will utilize a similar W12x53 section for simplicity in erection, footings were standardized for 

simplicity and efficiency in construction. As a result, there is only one footing design used in the 

complete design of the athletic building. The designed footings were the minimum size in order 

to be able to fully support the loading and column. Table 17 displays the dimensions of the 

Figure 31: Building Footing Design 

Concrete Footing 

Concrete Pedestal 
Steel Baseplate 
Steel Column 

Figure 30: Athletic facility typical footing and rebar cross-section 
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standard footings, baseplates, and pedestals. Table 18 shows the design results of the concrete 

reinforcement in the building footing. 
Table 17: Schedule of Footings 

  

Table 18: Schedule of Footing Rebar 

 

5.6 Design of Elevator Hoist Beam 
A multipurpose elevator capacity of 4500 lbs. and empty self-weight of 4500 lbs. were 

assumed for the design. In addition, the weight of a 500 lb. maintenance hoist was included in 

the design. The hoist way walls were assumed to be constructed of concrete masonry units with a 

2-hr fire rating. These masonry walls surrounding the elevator are responsible for supporting the 

elevator hoist beam. Following completion of the design calculations, an A992 steel W8x15 

beam was employed to support the elevator hoist. This beam does not connect to the building’s 

roof truss and does not add to the overall load it carries. The key design assumptions for the 

elevator hoist beam can be found in Table 19. 
Table 19: Elevator Hoist Beam Key Assumptions 

Elevator Hoist Beam Key Assumptions 

Elevator Capacity 4,500 lb. 

Elevator Weight 4,500 lb. 

Hoist Weight 500 lb. 

Yield Strength 50 ksi 

Resistance factor (Φ) 0.9 

Modulus of Elasticity 29,000 ksi 

  

Component Dimensions Quantity Material 

Baseplate 14.00” x 10.00” x ¾” 42 A36 Steel 

Pedestal 18.00” x 14.00” x 40.75” 42 4 ksi Concrete 

Footing 6.50’ x 6.50’ x 7.25” 42 4 ksi Concrete 

Component Bar Area Quantity Yield Strength 

Footing 2.4 in2 4 50 ksi 
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     6.0 Design of Pedestrian Bridge 
 The following section describes the design of the pedestrian bridge, which spans from the 

current Worcester Polytechnic Institute (WPI) Sports and Recreation Center to the proposed 

athletic facility, spanning over a portion of the track and field area as well as Park Avenue. It 

discusses how the different structural members of the pedestrian bridge were designed using the 

Load and Resistance Factor Design (LRFD) Guide to the Design of Pedestrian Bridges as well as 

referencing The American Association of State Highway and Transportation Officials 

(AASHTO) LRFD Specifications for Structural Supports for Highway Signs, Luminaires, and 

Traffic Signals. 

6.1 Design of the Bridge Through-Truss 
The bridge utilizes a through-truss structural system to span the needed 75 ft between the 

supporting structural piers. The through-truss was designed to support the wind and seismic 

loads, live loads, and dead loads acting on the bridge members. The bridge is supported by a two 

trusses, one on the North face and one on the South face of the bridge. Each panel of the 

through-truss was designed to be 7.5 ft in length with 10 panels needed for each 75 ft bridge 

span. The full length of the bridge consists of five 75 ft spans, one span of 36.6 ft, and one span 

of 41.8 ft. The lateral loads due to wind and earthquake forces are supported by the lateral truss 

system detailed in Section 6.3. Key assumptions used in the design calculations of the through-

truss bridge can be seen below in Table 20. A typical through-truss span can be seen in Figure 32 

with Table 21 describing the member sizes and quantities. Hand calculations of the through-truss 

design can be seen in Appendix F. 
  

 Figure 32: Typical Elevation View of Bridge Through Truss. 
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Table 20: Bridge Truss Key Assumptions 

Key Bridge Calculation Assumptions 

Bridge Truss 

Roof frame loading 7.67 psf 

MEP loading 5 psf 

Solar Panel loading 4 psf 

Roof loading 10 psf 

Insulation loading 2 psf 

Facade 125 lb/ft 

Snow loading 42.4 psf 

Pedestrian loading 90 psf 

Gravity Load Combination 1.2D + 1.6L + 0.5S 

Yield Strength (Fy) 36 ksi 

Modulus of Elasticity (E) 29,000 ksi 

Truss 

Height 10 ft 

Span Length 75 ft 

Deck Width 7 ft 

Diagonals 

Number per truss 10 

Length 12.6 ft 

Verticals 

Number per truss 10 

Length 10 ft 

Horizontal Chords 

Number per truss 20 

Length 7.5 ft 
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Table 21: Schedule of Bridge Through Truss Members 

Member Type Size Quantity Material 

Chords WT 9 x 25 120 A992 Steel 

Diagonals LL 5 x 3 x 3/16 59 A36 Steel 

Verticals LL 3 x 2.5 x 3/6 62 A36 Steel 

 

6.2 Design of the Bridge Roof Frame 
 The roof frame of the bridge was designed to support the roof structure as well as transfer 

the roof live loads, including the snow live load, to the joints of the through-truss bridge. The 

roof frame is angled in two directions to allow for proper roof drainage of snow and rain, in 

addition to considering solar energy absorption. The roof will be angled at 15 degrees toward the 

South facing side and 2 degrees in the East-West direction. The roof frames are located with a 

spacing of 7.5 ft to allow for proper connection to the through-truss at truss panel points as 

detailed in section 6.1. Purlins lay on top of the frames and run longitudinally, spanning the 

frames. These purlins help to support the roof decking and the solar panels. Two cross-sections 

of the bridge roof frame can be seen in Figure 33 and Figure 34. Figure 33 is a typical section, 

each span contains sections with the peak located at mid-span. The lowest point of these sections 

is located at each support pier to allow storm water to drain from the bridge roof down to grade 

level. Key assumptions for roof frame calculations can be found in Table 22 and the member 

sizes can be found in Table 23. 

Figure 34: Cross-section of Bridge Roof Frame 

Figure 33: Bridge Roof Frame Section 
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Table 22: Bridge Roof Frame Key Assumptions 

Key Bridge Calculation Assumptions 

Bridge Roof Frame Design 

Roof Sheathing Dead Load 10 psf 

Solar Panel Dead Load 4 psf 

Insulation Dead Load 2 psf 

Snow Live Load 42.4 psf 

Tributary Width 7.5 ft 

Bridge Width 9 ft 

Yield Strength (Fy) 46 ksi 

Resistance Factor (ϕ) 0.9 
 

Table 23: Schedule of Roof Frame Members 

Member Type Member Size Quantity Material 

Vertical HSS 5 x 4 x ½ 62 A500 Steel 

Diagonal HSS 5 x 4 x ½ 62 A500 Steel 

Risers HSS 5 x 4 x ½ 37.84 ft A500 Steel 

 

6.3 Design of Bridge Lateral Truss 
 The bridge was designed to resist lateral loading due to wind forces with a lateral load 

resisting truss. The lateral truss was not designed to resist lateral loading due to earthquake 

forces due to the Seismic Design Category A classification. The procedure used to determine this 

can be found in Appendix F. This frame spans the entire length of the bridge and is mirrored on 

the top and bottom of the through-truss to prevent twisting and torsional forces on the bridge. 

The lateral truss connects to the through truss at each node with a fixed connection to resist 

torsional sway and to transfer the lateral loading to the bridge piers throughout the span at the 

end piers. The lateral load resisting truss was designed to limit the lateral deflections of the 

bridge between the pier spans to the deflection limit set by the AASHTO LRFD Bridge 

Specification 5th Edition Section 2.5.2.6.2 (AASHTO, 2014). Key assumptions for the lateral 

truss calculations can be found in Table 24 and the design of a typical lateral force resisting truss 

resisting wind forces can be seen in Figure 35. The model depicted displays only one half of the 
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span. The half span still allows for maximum displacement to be calculated. Both ends are 

pinned using steel base plates bolted into the concrete pier caps.  
Table 24: Bridge Lateral Truss Key Assumptions 

Key Bridge Calculation Assumptions 

Bridge Lateral Truss Design 

Horizontal Wind Load 0.704 kips/foot of truss 

Windward pressure distribution 75% 

Leeward pressure distribution 25% 

Lateral Truss Panel Length 7.5 ft 

Wind Force Distribution Loading occurs at truss nodes 

 

 

6.4 Design of the Bridge Pier Cap 
 At the top of the bridge piers is the pier cap. The cap connects the main bridge structure 

to the columns. The cap was designed to transfer gravity and lateral loads from the main bridge 

structure to the piers. It was designed as a reinforced concrete beam that cantilevers outward 

from the column and supports the bridge at the bottom chord of each of the two trusses. The 

reinforcement in the cap uses longitudinal bars and transverse stirrups to resist tension and shear 

Figure 35: Lateral load resisting truss for half span of the pedestrian bridge with wind loads. 
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respectively. The assumptions used to design the bridge pier caps can be seen in Table 25. The 

governing load combination makes use of only gravity loads. The results of the pier cap design 

can be seen in Table 26. The final design of the pier cap can be seen in Figure 36. 

 An alternative pier cap design was also considered. The pier cap was originally designed 

as cantilever beams extruding out radially from the pier. The beams were designed to support the 

load of the superstructure above at 4 points located in the 4 corners of the original pier at each 

bearing. An alternative design was considered that removed the concrete in between the 12 in 

cantilever beams that were supporting the bearings. This allows for less concrete and dead load 

acting on the pier and footing below. However, it was concluded that the cost benefits of saving 

the material and dead load would not outweigh the consequences associated with the time and 

money that would be needed to make this custom shaped formwork. This alternative design can 

be seen in Figure 37. 
Table 25: Bridge Pier Cap Key Assumptions 

Key Bridge Calculation Assumptions 
Bridge Pier Cap Assumptions 

Length 9 ft 
Concrete Compressive Strength (f’c) 4 ksi 
Reinforcing Bar Yield Strength (Fy) 60 ksi 

Critical Load Combination 1.2D+1.6L+0.5S 
Resistance Factor for Moment (ϕ) 0.9 

Resistance Factor for Shear (ϕ) 0.75 
Maximum Moment 738.91 kip-feet 

Maximum Shear 165.51 kips 
 

Table 26: Bridge Pier Cap Design Results 

Key Bridge Calculation Results 
Bridge Pier Cap Design 

Length 120 in 
Width 102 in 
Depth 18 in 
Height 21 in 

Material 4 ksi Concrete 
Radial Reinforcement 3 #10 bars per 12 in 

Shear Reinforcement Size # 4 stirrups 
 

Shear Reinforcement spacing 
1 stirrup @ 2.5 in 
1 stirrup @ 18 in 

3 stirrups @ 5.5 in 
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6.5 Design of the Bridge Piers 
 The main bridge structure is supported by 7 reinforced concrete piers that are designed to 

resist the gravity loads of the pedestrian bridge as well as the lateral loads including wind and 

seismic, however, specific seismic provisions were not needed. The piers were designed to 

Figure 36: Alternative Pier Cap Design. (not used for final 
design) 

Figure 37: Pedestrian Bridge Pier Cap and Rebar Cross-Section 
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support a bridge span length of 75 ft. This represents the largest tributary length of the bridge 

that any single pier must support. To resist lateral loading in all directions, the piers were 

designed to be cylindrical. The symmetry of the piers ensures that load resistance in all directions 

is equal. The piers were designed using spiral lateral reinforcement and longitudinal bars to 

support the concrete in tension. The geometry of the bridge piers were determined by calculating 

the minimum pier radius to allow them to be designed as non-slender columns. Once the 

geometry was selected, the axial and moment capacity of the pier was checked, and the 

reinforcement was designed. The relative locations of the piers and their associated pier caps and 

pier footings can be found in Table 27 and Figure 38. The key assumptions used to design the 

bridge piers can be seen in Table 28. The results of the bridge piers can be found in Table 29. 

See Figure 39 for a typical bridge pier and reinforcement layout. A typical bridge pier, pier cap, 

and foundation can be seen in Figure 40. 
Table 27: Pier Identification and Location. 

Pier Identification Pier Location Pier Height (ft) 

P1 Tennis Court side of 122A 11.3 

P2 Garage side of 122A 15.9 

P3 Tennis Court side of Alumni Field 27.8 

P4 Middle of Track (75 ft from P3) 28.4 

P5 Middle of Track (150 ft from P3) 28.8 

P6 Recreation Center side of Track 29.5 

P7 Adjacent to Recreation Center 29.7 

 
 
 

Figure 38: Pedestrian Bridge Pier/Footing Layout 
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Table 28: Bridge Pier Key Assumptions 

Key Bridge Calculation Assumptions 

Bridge Pier Design Assumptions 

Length 30 ft 

Concrete Compressive Strength (f’c) 4 ksi 

Reinforcing Bar Yield Strength (Fy) 60 ksi 

Critical Load Combination 1.2D+1.6L+0.5S 

Resistance Factor for Moment (ϕ) 0.9 

Resistance Factor for Shear (ϕ) 0.75 

Ultimate Compressive Strength (Pu) 320.4 kips 

Ultimate Moment (Mu) 1520.6 kip-feet 
 

Table 29: Bridge Pier Design Results 

Key Bridge Calculation Results 

Bridge Pier Design Results 

Length (max) 30 ft 

Diameter 80 in 

Material 4 ksi Concrete 

Longitudinal Reinforcement 19 #18 bars 

Lateral Reinforcement # 4 spiral @ S= 0.86 

Clear Cover 4 in 

 

Figure 39: Pedestrian Bridge Pier and Rebar Cross-Section 
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6.6 Design of the Bridge Footings 
 The bridge footings were designed to support the bridge piers and bridge superstructure, 

and to prevent the piers from settling into the soil. Spread pier footings were used to distribute 

the pier loads to the soil and limit settlement. Two footing designs were done using different 

assumptions based on the location of the footing and the loading acting on the footing. Footings 

designs were created using LRFD and methods from Reinforced Concrete Design. The locations 

of the bridge footings can be found in Table 30 and Figure 39. The assumptions used in the 

design of bridge footings 1 and 2 can be found in Table 31 and Table 32 respectively. The final 

results of the footing design can be found in Table 33. See Figures 41, 42, 43, and 44 for footing 

reinforcement layouts. 

 

 

 

 

Figure 40: Typical Bridge Pier, Pier Cap, and Footing. (material removed to show 
reinforcement, actual pier cap and pier are solid concrete). 
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Table 30: Bridge Footing Locations 

Bridge Footing Locations 
Footing Identification Associated Footing Pier Associated Footing Design 

F1 P1 2 
F2 P2 2 
F3 P3 1 
F4 P4 1 
F5 P5 1 
F6 P6 1 
F7 P7 1 

 

Table 31: Bridge Footings Design 1 Assumptions 

Key Bridge Calculation Assumptions 
Bridge Footing Design 1 Assumptions 

Reinforcing Bar Yield Strength (Fy) 60 ksi 
Concrete Compressive Strength (f’c) 4 ksi 

Axial Load 479.09 kips 
Moment, M1 (max) 1900.9 kips 
Moment, M2 (max) 960 kips 

Pier Diameter 6.67 ft 
Concrete Density 150 pcf 

Pier Height 30 ft 
Pier Tributary Width 75 ft 

Table 32: Bridge Footing Design 2 Assumptions 

Key Bridge Calculation Assumptions 
Bridge Footing Design 2 Assumptions 

Reinforcing Bar Yield Strength (Fy) 60 ksi 
Concrete Compressive Strength (f’c) 4 ksi 

Axial Load 265.76 kips 
Moment, M1 (max) 1013.76 kips 
Moment, M2 (max) 506.88 kips 

Pier Diameter 6.67 ft 
Concrete Density 150 pcf 

Pier Height 16 ft 
Pier Tributary Width 40 ft 
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Table 33: Bridge Footing Design Results. 

Key Bridge Calculation Results 

Bridge Footing Design Results 

Footing Design 1 

Length (Perpendicular to Superstructure) 22 ft 

Base Width (Parallel to Superstructure) 14 ft 

Depth 4.00 ft 

Height 4.25 ft 

Longitudinal Reinforcement (Parallel to Superstructure) 42 # 7 bars 

Longitudinal Reinforcement (Perpendicular to Superstructure) 88 # 8 bars 

Footing Design 2 

Length (Perpendicular to Superstructure) 20 ft 

Base Width (Parallel to Superstructure) 12 ft 

Depth 4.00 ft 

Height 4.25 ft 

Longitudinal Reinforcement (Parallel to Superstructure) 42 # 7 bars 

Longitudinal Reinforcement (Perpendicular to Superstructure) 88 # 8 bars 

 

Figure 41: Pedestrian Bridge Footing Design 1, Reinforcement Layout Parallel to Superstructure 
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6.7 Design of Bridge Seismic System 
 Elastomeric bearings were designed to connect the bridge superstructure to the bridge 

pier caps. They are used to accommodate any rotation or movement the bridge may experience 

due to loading and/or thermal expansion. The bearings were designed to be circular to resist 

loading in all directions equally. To provide a stable connection between the pier caps and the 

bridge through truss, four bearings were placed on each pier. Each bearing connects to a bottom 

node of the bridge through truss so that each truss is supported by two bearings at each pier with 

a 7.5 ft spacing. The governing lateral load used to design the bearing was determined to be wind 

loading due the bridge Seismic Design Classification A. The results of the bearing design can be 

Figure 44: Pedestrian Bridge Footing Design 1, Reinforcement layout Perpendicular to Superstructure 

Figure 42: Pedestrian Bridge Footing Design 2, Reinforcement Layout Parallel to Superstructure 

Figure 43: Pedestrian Bridge Footing Design 2, Reinforcement Layout Perpendicular to Superstructure 
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found in Table 34. The assumptions used to design the elastomeric bearings can be found in 

Table 35. 
 

Table 34: Bridge Elastomeric Bearing Design Results 

Key Bridge Calculation Results 

Bridge Elastomeric Bearing Design 

Total number of bearings 30 

Bearing Shape Circular 

Bearing Flange 12 in 

Bearing Diameter 10 in 

Calculated Rotation 0.04 radians 

Horizontal movement of bridge 1.0 in 

Table 35: Bridge Elastomeric Bearing Assumptions 

Key Bridge Calculation Assumptions 

Bridge Elastomeric Bearing Assumptions 

Dead load 63.7 kips 
Live load 16.4 kips 

Governing Lateral Load Wind 

Design method B 
Calculated Rotation 0.004 radians 

Horizontal movement of bridge superstructure 1.0 in 
Bridge deck fixed against horizontal translation Yes 

Bearing subject to shear deformation Yes 

 
6.8 Design of Bridge End Pier 

A square concrete pier was designed for the end of the bridge closest to the new athletic 

facility. The purpose of this square pier is to resist the vertical and lateral loading on the bridge 

loading in the area where the bridge connects to the athletic building. It was a designed as a 

square, reinforced concrete column, and to ensure stability the pier was overdesigned to be a 9 ft 

by 9 ft square pier directly under the bridge. The assumptions used during the calculation of the 

bridge pier can be found in Table 36. The gravitational loads were determined to govern the 
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design of this structure. For this reason, the load combination shown in Table 36 was chosen. 

The final results of the bridge end pier design can be seen in Table 37 and Figure 45. 

Table 36: Bridge End Pier Assumptions. 

Key Bridge Calculation Assumptions 

Bridge End Pier Assumptions 

Length 9 ft 

Concrete Compressive Strength (f’c) 4 ksi 

Unit weight of concrete 150 lb/ft3 

Reinforcing Steel Yield Strength (Fy) 60 ksi 

Minimum ratio of required steel to concrete (ρmin) 0.015 

Critical Load Combination 1.2D+1.6L+0.5S 

Resistance Factor (ϕ) 0.9 

Ultimate Compressive Strength (Pu) 33.83 kips 

 
 Table 37: Bridge End Pier Design Results 

 
 

Component Dimensions/Bar Area Quantity Material 

End Pier 9.00’ x 9.00’ x 8.00’ 1 4 ksi concrete 

Reinforcing Steel 4.00 in2 44 A572 Grade 60 Steel 

Figure 45: Pedestrian Bridge End Pier and Rebar Cross-Section Plan 
View 
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7.0 Cost Analysis 
 A basic cost analysis for the construction of both the pedestrian bridge and athletic 

facility was completed. The purpose of the analysis was to provide an estimate of the potential 

financial burden this project would place upon the Institution. This was done with the use of 

Building Construction Costs with RS Means Data as well as the Massachusetts Department of 

Capital Asset Management and Maintenance (DCAM) consultant estimating manual. The 

estimate includes both material and labor costs, as well as contingency and engineering fee 

considerations. An estimated contingency of 15% was applied to the final estimate, as well as a 

7.2% design fee allowance. The results of the preliminary cost estimate are show in Table 38 and 

the complete analysis can be found in Appendix G.  

Table 38: Results of cost analysis 

Estimate Item Cost 

Athletic Facility (no design fees or contingency) $7,700,000 

Pedestrian Bridge (no design fees or contingency) $2,500,000 

Design Fees and Contingency $2,400,000 

TOTAL PROJECT COST $12,600,000 

 

  

Site Work Steel
Concrete

Enclosure

MEP

Field Turf

Design Fees

Contingency

Figure 46: Athletic Facility Material/Labor Cost Breakdown 

Site Work

Steel 

Concrete

Enclosure

MEP

Design Fees

Contingency

Figure 47: Pedestrian Bridge Material/Labor Cost Breakdown 
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8.0 Conclusion and Recommendations 
 The following section discusses what was done over the course of the project to meet the 

goals originally set at the beginning of the project. This section will also discuss the 

recommendations that our group believes future groups could continue to work on. These 

recommendations are intended to offer future project ideas to students who are interested in 

advancing or improving the design set forth at the conclusion of this project. 

8.1 Athletic Building Conclusions 
The structural analysis, cost estimate, and 3-dimensional modelling of the facility was 

after considering initial design factors, site layout, and site criteria. After examining the criteria 

from the site survey, interview, and initial research, the building design followed Load and 

Resistance Factor Design methods. The structural analysis began with the roof members, moving 

down to the second floor, then to the columns, and finally to the base plates, pedestals, and 

footings. All members and components were designed as part of the larger system of the 

building. 

Two different roof structures were considered during the design of the athletic facility: a 

typical beam-and-girder bay system and a roof truss system. The roof truss system was selected 

because it was a more efficient design due to weight considerations and its ability to have longer 

spans. Since the truss weighs less and uses less steel, it would have a lower material and shipping 

cost compared to the beam-and-girder system. The 2nd floor structural system was designed using 

a beam-and-girder bay system. Analysis included a comparison of a cast in place concrete slab 

and pre-cast hollow-core panks. This type of system was chosen due to the live loads on the 2nd 

floor and to decrease the depth of the floor system and maximize story height. The columns were 

individually designed for each different location and associated loading, but to facilitate 

construction and manufacturing, the column sizes were standardized based on the most critical 

case. The baseplates, pedestals, and footings were also designed in the same sense for ease in 

construction and standardization. 

Once the individual components of the building were designed to be structurally 

sufficient, the components were compiled together to complete the design of the building. Using 

the results from the design of the components, a 3-dimensional rendering of the facility was 

created. Using this model, and some assumptions made about the architectural components, a 
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cost estimate was performed. This cost estimate included considerations for materials (structural, 

architectural, MEP, and equipment) and construction of the facility. See Figure 44 for a 

rendering of the final Athletic facility Design. 

8.2 Athletic Building Recommendations 
After completion of the project, we would recommend that this project be advanced. We 

believe that to advance the design of the proposed athletic facility, more focus should be placed 

on the design of member connections. The scope of our project verified that the geometry of the 

connections would be successful, as seen in Appendix H, however we did not consider the 

design of the angles, welds, or bolts for each individual connection. Also, another future project 

could advance the design of the facility by performing a fire safety analysis to explore the fire 

safety options or concerns that the current proposed design would entail. If the building was 

going to become reality it would also need to be subject to an architectural review including an 

energy analysis and the design of the façade, lighting, HVAC, heating, electrical, plumbing, and 

interior aesthetics. The facility would also need to have a parking lot and water runoff 

management system designed by a civil or environmental engineer. 

8.3 Pedestrian Bridge Conclusions 
The proposed pedestrian bridge was completed with an initial site survey and layout, 

determination of design criteria, structural analysis, cost analysis, and 3-dimensional modelling. 

The purpose of the pedestrian bridge was to provide a safe passage, across a state highway, from 

the main part of campus to the new proposed athletic facility. The bridge design followed both 

Load and Resistance Factor Design criteria and the AASHTO LRFD Pedestrian Bridge 

Figure 48: Athletic Facility REVIT Rendering 
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Specifications design method. The structural analysis followed the load path and began with the 

roof frame, moving down to the through-truss, then to the bridge piers and pier caps, and finally 

to the footings. 

A roof frame design for the pedestrian bridge was developed after the initial design was 

created. It was designed to slope in 2 directions to allow storm water and snow melt to drain 

effectively off of the bridge. Multiple bridge types and material options were researched 

originally, but due to aesthetic and economic reasons, a through-truss bridge design was used. 

The bridge piers, pier caps, and footings were individually designed, but similar to the building 

design they were standardized based on the most critical case to simplify construction and 

procurement. Once the final design of each bridge component was completed, the 3-dimensional 

model was created to show how each component worked together as a system. The 3-

dimensional model was also used as a graphical representation during the presentation of our 

final design and results. See Figure 45 for the rendering of the pedestrian bridge. 

Figure 49: Pedestrian Bridge Rendering, View from Track 

 

8.4 Pedestrian Bridge Recommendations 
For both the building and pedestrian bridge, design considerations were discussed in this 

project for the storm water runoff and drainage system. While the athletic facility clearly 
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presents a larger storm water problem due to the size of the impermeable layer it creates, run-off 

from the Pedestrian Bridge should also be investigated. For a structure such as a bridge there are 

numerous means of structural design, we recommend that various bridge types be investigated 

for this application. Although we ultimately decided to use the through-truss bridge type for our 

design, it would be possible for other bridge types to be designed and compared in price and 

aesthetics. Based on the span of the bridge both a cable-stay and suspension bridge would be 

potential alternatives. Additionally, when designing the pedestrian bridge, some construction 

methods and constraints were explored, we recommend that a future project could design a fully 

encompassing construction and erection plan. 
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1.0 Introduction 
 A bridge can be defined as a structure spanning and providing passage over a river or 

road (Merriam Webster Dictionary, 2017). But a bridge can be more than that. A bridge can 

connect people, ideas, and cultures. Currently, part of our Worcester Polytechnic Institute (WPI) 

community and campus is disconnected from the rest. A state highway with limited pedestrian 

access divides the WPI campus into fragments. This is not only a culturally divisive barrier, but 

also a major safety concern. Students, faculty, and guests may have to navigate across this 

dangerous road in order to explore the full extent of the campus.  

Our team is proposing and designing an enclosed pedestrian bridge that would span the 

state highway 122A. The bridge will connect the current WPI Sports and Recreation Center 3rd 

floor to the proposed WPI athletic facilities, where the current A.J. Knight Field and tennis 

courts are located. The bridge would also connect to the rooftop field/garage allowing for better 

access between this facility and the Sports and Recreation Center. Along with access to these 

facilities, the bridge would allow WPI students and faculty to travel more easily from the main 

campus to the Hughes House, Jeppson House, and the Alpha Tau Omega Fraternity house. We 

believe safe access to these campus buildings as well as the numerous off-campus housing is a 

priority for students and parents and should be a priority for the WPI community.  

As part of our project we will also propose and design the construction of a new athletic 

building located along Park Ave near the location of the current WPI tennis courts and the A.J. 

Knight Field. The purpose of the proposed athletic building is to provide additional facilities for 

the WPI community as a whole. On the first floor of the facility, an indoor athletic training field 

would be designed with elevated ceilings to be used for any indoor athletic drills/conditioning, 

training, and/or games. An open space area for strength training would also be included on the 

first floor to accommodate strength training equipment along with men’s and women’s locker 

rooms and restrooms. This could be used by WPI’s various division 3 and club athletic teams 

year-round. Due to the limited athletic facilities that are now available, many athletic teams must 

reserve or share current gymnasium space with the general population of the WPI community. 

This can create a restrictive environment for athletic teams that need space to train and condition. 

With the addition of a new indoor athletic training facility, sports teams would have additional 

designated space to train, especially during the winter months when outdoor fields are not 

available. 
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Varsity sports at WPI often require the use of conference rooms to hold team meetings. 

Currently the space designated for sports teams to hold team meetings is very limited, amounting 

to one dividable room in the Sports and Recreation Center. This space usually is shared with and 

used by the WPI faculty for staff meetings. Our proposed athletic building also includes space 

for offices and conference rooms on the second floor. These rooms can be used for team 

meetings, coaches’ meetings, and study hall rooms for student-athletes. 
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2.0 Background 
 Many design factors are taken into consideration for any new structure that is being 

designed or constructed. While considering the development of this project, first the site will be 

taken into consideration. Both the current conditions and proposed conditions will be assessed 

for sustainability and constructability. Materials and additional uses help keep the structures 

more economical and have less of an impact on the environment. Structures must follow design 

parameters in order to comply with regulatory requirements for accessibility and safety. In the 

case of the bridge, the American Association of State Highway and Transportation Officials 

(AASHTO) and the Americans with Disabilities Act (ADA) will be considered. While the 

building requires compliance the Massachusetts State Building Code. Both structures must 

conform to the regulations established by the City of Worcester zoning and permitting laws.   

2.1 Current Site 
 The proposed building is to sit on the plot of land directly across Massachusetts Route 

122A (Park Avenue) from Alumni Field, on the campus of Worcester Polytechnic Institute as 

seen in Figure 1. This site is currently underutilized by the University and disconnected from the 

entirety of campus. Since WPI currently has additional tennis courts in Institute Park, it can be 

inferred that there is a possibility for better utilization of this location. Additionally, in order to 

access the field, members of the WPI community must cross a hectic, four-lane state highway 

without the use of an easily-accessible crosswalk. This creates an unsafe environment for 

pedestrians and should use of the location increase, a safer means of crossing is necessary.   

 The entirety of the proposed building site and current tennis courts is approximately 

100,000 ft2. As currently proposed, the project will leave the three tennis courts on the far 

northwest side of the site untouched. This will leave adequate space for parking and the new 

structure, as well as continue to provide tennis courts for students and the WPI community and 

club team. The proposed building site has a relatively level topography and is elevated above 

Park Avenue by a distance of approximately 12 ft. 
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Proposal Figure 1: Aerial view of the proposed site 

According to the United States Department of Agriculture, the selected site sits on the 

border of two soil survey zones. One zone consists of 90% Paxton fine sandy loam and the other 

is comprised of 80% udorthent soil over loamy basal till (Taylor 1985). Udorthent soils are 

gravelly topsoils that have been placed back on site following an excavation. This site is more 

than 80 inches above the water table, and is not flooding prone (Taylor 1985). This information 

will prove useful in determining the type, size, and design of foundation elements for both the 

athletic facility and pedestrian bridge. 

While the site is adequate for the construction of the new facility, several potential 

alterations have been identified. One potential alteration to the site could include the addition of 

an access road and parking lot for the proposed building. The facility will be able to be accessed 

via the pedestrian bridge, but it will also be necessary to provide parking, especially handicapped 

parking, for vehicles as well. This addition will require regrading of the site in order to tie in with 

the existing Massachusetts Avenue. Regrading the site could lead to potential issues with storm 

water runoff down the access road and onto Park Avenue that may have to be assessed. For this 

reason, when the site plan for the facility is developed, the drainage and runoff from the new 

facility will be taken into consideration.  
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 The space for the pedestrian connection bridge as seen in Figure 1 is currently occupied 

by a concrete sidewalk, black chain-link fence, and a small, unused portion of the track. This 

area will remain unchanged, as the bridge will span an adequate height above to still allow for 

the track and walkway to remain operational. The location of the cantilevered viewing station 

will allow for the pedestrian bridge to connect back to the southeast side of the viewing station. 

Given the current location of existing buildings, their elevations, and the available space, the 

proposed site for the construction of the new athletic facility is a valuable opportunity to expand 

and connect WPI’s campus. 

2.2 Engineering Design Parameters 
Safety plays a major role in any design; for this reason it is important to comply with the 

regulatory agencies that govern the design and construction industries. For the proposed 

pedestrian bridge and building, the designs will be created in accordance with criteria in the 

design criteria documents displayed in Table 1. In the state of Massachusetts, it is critical that 

current and future structures be in compliance with both the American Association of State 

Highway, Transportation Officials (AASHTO) and the Americans with Disabilities Act (ADA), 

and the Massachusetts State Building Code (780 CMR).  

 
Proposal Table 1: Pertinent design parameters 

 

 

Design Aspect Regulatory Agency Design Criteria 

 American Association of State Highway 

and Transportation Officials (AASHTO) 

Pedestrian Bridge Manual 

Pedestrian Bridge  LRFD Guide Specifications for 

the Design of Pedestrian Bridges 

 Americans with Disabilities Act (ADA) Standards for Accessible Design 

 

 

Athletic Facility 

State Board of Building Standards and 

Regulations 

780 CMR: Massachusetts 

Amendments to the International 

Building Code 2009- Chapter 

16: Structural Design 

 Americans with Disabilities Act (ADA) Standards for Accessible Design 
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2.2.1 AASHTO Design Criteria 

Due to the pedestrian bridge’s location over MA Route 122A, the Massachusetts 

Department of Transportation refers to the AASHTO design specifications. There are numerous 

parameters that must be considered when designing a structure of the magnitude of the proposed 

pedestrian bridge. One of which being the vertical clearance required over Park Avenue, which 

according to AASHTO is 17.5 ft. above the road surface (WSDOT, 2017).  The manual also has 

requirements for allowable deflections, span-depth ratios, foundation parameters, drainage, and 

material requirements for structures passing over highways (AASHTO, 2014). This publication 

will prove essential in the design of the pedestrian bridge to pass over Park Avenue.  

2.2.2 ADA Design Criteria 

The ADA design criteria and their corresponding reference sections can be seen below in 

Table 2. The table shows the section that the criteria can be found in the ADA regulations and 

design criteria. The table also states the design criteria that is relevant to the design of the 

pedestrian bridge including slope requirements and handrail design requirements. These criteria 

will be used during the design of the pedestrian bridge to ensure appropriate access to all 

facilities. 

Proposal Table 2: ADA design parameters 

ADA Section Design Criteria 

302.3 & 3.3 Floor and ground surfaces shall be “stable, firm, and slip resistant.” 

302.3 If there are any openings in the surface the openings shall not exceed ½”. 

303 There shall be no vertical change in elevation greater than ¼” and if the surface is 

to be ramped. 

402 & 403 Ramps with a rise of greater than 6” must have handrails installed. 

405 & 406 Running slope shall not exceed 1:20, the cross slope shall not exceed 1:48, and 

the clear width for walking surfaces shall not be less than 36 inches. 

505 Handrails must be continuous along the entirety of the walking surfaces length. 

Handrails are not required on ramps with a running slope of 1:20, but when they 

are required they must be provided on both sides of the walkway. Additionally, 

the handrails must be 34-38” above the walking surface and be at a consistent 

height along the entire length of the walking surface. The gripping surface of the 

handrails must also be unobstructed for at least 80% of its length (with a 1-1/2”. 
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2.2.3 Massachusetts Building Code Design Criteria 

 The parameters gathered from the Massachusetts State Building Code 8th Edition which 

includes the 2009 International Building Codes and ASCE 7-05 will primarily affect the design 

of the proposed athletic facility. The publication contains wind, snow, and seismic loads and load 

factors to assume given the location of the project (2009, International Code Council).  

2.3 Community Impact 
 The bridge and building will both impact the surrounding community. After construction, 

both will provide a positive impact to not just the WPI community, but to the Worcester 

community as well.  

2.3.1 Massachusetts Zoning Districts 

Across the State of Massachusetts, each city or town is required to have ordinances and 

regulations regarding the different zoning districts within the city or town. The different zoning 

districts regulate the different types of land use that may occur. The districts in Worcester, MA 

include are listed in Table 3 below. 

 
Proposal Table 3: Various zoning types present in Worcester, MA 

Massachusetts Zoning Districts 

Residential Institutional 

Industrial Airport 

Business Open Space 

Manufacturing Overlay 

 

Each of these districts have sub-areas which fall into different permitting requirements 

for the types of land use. Permits fall into four usage areas, each with a set of subsections: 

residential use, general use, business use, and manufacturing use. Usage is either permitted in the 

district, not permitted in the district, or requires a special permit. According to the Worcester, 

MA zoning map dated February 6th, 2017, our proposed site falls into the Institutional 

(Educational) district of the City of Worcester which is consistent with the rest of the WPI 

campus. In accordance with Article IV Section 2 Table 4.1, non-residential parking facilities, 
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recreational/service facilities, and schools (non-profit) are permitted in the Institutional 

(Educational) district of Worcester. According to Article IV Section 4 Table 4.2, there is no 

minimum area or frontage; the front, side, and rear setbacks are 15 feet, 10 feet, and 10 feet 

respectively; there is no maximum number of floors or maximum height; and there is no floor to 

area ratio (City of Worcester, MA - Zoning Map; City of Worcester Zoning Ordinance).  

2.3.2 Impact on the WPI Community 

When the current Sports and Recreation Center was constructed, insurance costs for 

insurance of WPI’s faculty were reduced. This was because the new center opened up more 

space for the WPI faculty to work out and use the facility. A new athletic performance center 

would have additional space for offices and the athletic training staff, creating new recreation 

space in the current Sports and Recreation Center for students and faculty. As the number of 

students in the incoming graduating classes continues to increase, it is important that the space 

provided can handle the student body. A new campus building will help WPI be successful as it 

continues to grow and expand in the future. 

2.3.3 Impact on the Greater Worcester Community 

 The City of Worcester is heavily reliant on the students, faculty, and visitors of the 

twelve universities that make up the Worcester Consortium. Every year thousands of students 

move to Worcester to earn an education and grow as individuals. These students help drive the 

local economy by providing a steady flow of revenue and labor.  Students also lead community 

service and social activism movements that help to improve the quality of life for the permanent 

residents of the city. By improving the quality of the facilities at one of Worcester’s most 

prevalent universities, it will attract more highly-skilled students to the city and help the local 

economy continue to grow. Outside of the increased student population, the proposed facility 

will provide a landmark for the city and generate numerous jobs during the construction phase of 

the project.  

2.4 Sustainability 
 Sustainability should be at the forefront of every engineer’s mind when designing or 

proposing a new structure. Designing structures to be sustainable not only makes economic 

sense, it also makes ethical sense.  Being a technical and engineering school, WPI promotes 

sustainability with great significance. This means that any building or structure that WPI builds 

in the future will need to be sustainably designed and environmentally friendly (Ryan, 2017). As 
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students of this Institution and future civil engineers, it is our ethical duty to ensure that this 

project is delivered in a manner that is both environmentally-friendly and sustainable for the 

generations of community members to come. Designing a structure sustainability means that it 

has a smaller impact on the environment, whether that impact be immediate or in the future and 

ultimately means leaving a better planet for the next generation. Reducing the environmental 

impact of a construction project could include reducing the amount of energy used to build it, 

reducing the amount of greenhouse gases released from construction or materials, or reducing the 

amount of energy the building consumes over its lifetime. 

 In order to design a bridge or building with sustainability in mind, we must be conscience 

of the building materials, design, and construction processes that will be used. “Humphreys and 

Mahasenan (2002) estimate that the cement industry is responsible for 3% of global 

anthropogenic greenhouse gas emissions and 5% of global anthropogenic CO2 emissions” 

(Noguchi, 2015). This shows that using cement to build a structure has environmental impacts 

that must be taken into account when designing sustainably. The amount we use isn’t the only 

concern though. “Service life can be dramatically extended with little or no increase in – or even 

a reduction of – the environmental load” (Vanderly, 2003). If we can make the same amount of 

cement last longer, it won’t need to be replaced as fast and will have a smaller environmental 

impact over its lifetime.  

 When designing a structure, we must not only be critical of the global impact, but also of 

the local environmental impact. When a structure is built on a particular site, the properties of the 

location can change dramatically. For example, the area of permeable surface can decrease, 

causing an increase in rainwater runoff, and altering the current runoff and drainage 

characteristics. This can impact the local environment in many ways that are difficult to predict 

as is the case with erosion, flooding, and chemical dispersion. Depending on the site, a new 

structure may also alter or destroy animal and plant habitats, displacing or placing stress on the 

local animal community. For this reason it is important to asses each site and design ways to 

minimize the structure's impact on its surrounding area. When changes must be made to the local 

site, the impacts should be fully assessed and analyzed prior to construction in order to be 

prepared for potential complications 

2.5 Economics 
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            A project of this size is guaranteed to have a large initial cost associated with it. When 

considering this initial investment one must consider the major costs of engineering services, 

construction materials and building systems, project management, and long-term maintenance. A 

complete cost analysis will be performed following the completion of the final structural design 

of both the bridge and the athletic building. The “2017 Building Construction Costs Book with 

RS Means” (Plotner, 2017) will be used to create this cost analysis. However, in order to provide 

a rough estimate for the new facility, similar facilities’ costs can be utilized. The 78,000 ft2. 

Foisie Innovation Studio and Messenger Residence Hall will cost Worcester Polytechnic 

Institute approximately $49 million (WPI 2017). While the Foisie facility provides living spaces 

and does not include a pedestrian bridge, it does provide insight into the cost of erecting a new 

building in Worcester, MA. The proposed athletic facility will provide approximately 51,000 ft2 

of extra space to WPI. By making a direct comparison to the Foisie Studio it can be inferred that 

the proposed athletic building would approximately cost $32 million. 

         Recently, the city of Worcester was ordered by a Superior Court to construct an elevated 

pedestrian bridge connecting the DCU Center to the Hilton Garden Inn and the Major Taylor 

Parking Garage in the city’s downtown district (Moulton 2016). This mandate comes following a 

recent traffic accident in the area. The proposed bridge is to be 275 ft. long and 10ft. wide, and 

has an estimated cost of $10 million. The proposed pedestrian bridge on WPI’s campus would 

span approximately 450 ft. and be 10 ft. wide. Using the same direct comparison method used 

above, a rough cost estimate of the proposed bridge is $16.4 million. When added to the cost of 

the athletic building, a total project cost of $48.4 million can be derived. 

         It is important to note that the direct comparison method does provide good insight into 

construction costs in the Worcester area, but it does not provide exact values for the project. 

There are numerous differences between the proposed facility and the two projects used as 

reference. The new building will require a parking lot, field turf, and different finishes, etc. than 

the Foisie studio which will alter the final project cost. The pedestrian bridge also differs as it 

will be enclosed and have various security restrictions. The proposed building and bridge would 

also be built at a different time than the example projects, altering the cost estimates further. For 

this reason, the initial cost of the project should be seen as a preliminary projection. 

2.6 Ethics 



  MQP LDA-1801 

91 
 

 Many designers follow a number of codes that act as guiding principles for engineering, 

design, and construction decisions. Codes often protect both workers and clients from poor 

business practices. The American Society of Civil Engineers (ASCE) states that “ethics is 

integral to all decisions, designs, and services performed by civil engineers.” Not only the public 

trust but also their lives, safety, and welfare depend on professional engineers' efficient, safe, and 

economical performance of their duties. ASCE has programs, policies, and resources that are 

designed to help professionals understand their ethical obligations and how to incorporate them 

into their professional careers. For this project, we plan to design our pedestrian bridge and 

building while upholding the principles stated by ASCE. These principles state that “engineers 

uphold and advance the integrity, honor, and dignity of the engineering profession by using their 

knowledge and skill for the enhancement of human welfare and the environment, being honest 

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

the competence and prestige of the engineering profession, and supporting the professional and 

technical societies of their disciplines” (ASCE, 2017). 

 Since this project is entirely theoretical, it can be very easy to ignore or alter problems 

that are faced during the design of the pedestrian bridge or building. We will, however, uphold 

the same ethical policies and principles as if this project was for a real-world application. This 

includes the risks and dangers involved in designing infrastructure that will be used and occupied 

by students and faculty. During the design process of the proposed structures, the governing 

regulatory requirements and design standards will be used and issues related to safety will not be 

ignored. By doing this, the ethical standards of the ASCE and the engineering community will be 

upheld. 
  



  MQP LDA-1801 

92 
 

3.0 Methodology 
 This section presents the process of how the project is going to be completed. A project 

of this magnitude has many major phases and minor steps, and it is critical to the success of the 

project that it is completed in and organized and timely manner. Table 4 displays both the major 

phases and minor steps used to complete the scope of work. Figure 2 shows the schedule that 

will be followed to complete the scope of work. 
Proposal Table 4: Proposed methodology breakdown 

Project Methodology Summary 

Site Survey 

 Site visit and evaluation 

 Obtain Sports and Recreation Center drawings with reference elevations 

 Topographic confirmation survey and cross-section topographic diagram 

Establish Design Goals 

 Interview key stakeholders (Athletics Department and WPI Facilities) 

 Develop architectural program 

Establish Design Parameters 

 Set functional restraints and requirements based upon the architectural program 

 Research permitting, ADA restrictions, AASHTO, and MA Building Code design criteria 

Structural Analysis and Design of Athletic Facility 

 Establish structural grid and structural systems 

 Design calculations for structural system members, including beams, columns, and footings 

 Comparison of structural grids and systems 

Structural Analysis and Design of Bridge Structure 

 Develop comparison criteria to structure and determine applicable materials: steel, concrete 

 Design calculations for bridge enclosure, spans, columns, and footings 

 Evaluate various design alternatives 

Develop Final Structural Design of Pedestrian Bridge 

 Design bridge connections on both ends of the span 

 Computer simulations of final structural components in RISA 

 Identify potential structural issues and develop a plan to mitigate 

 Provide recommendations to WPI and future student projects 

Cost Analysis 
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 RS Means cost analysis 

 Total material quantities and associated costs 

 Estimate design and construction labor costs and calculate total project cost 

 Feasibility analysis 

Deliverables 

 Final project report 

 Computer models: Revit renderings and AutoCAD floor plans and cross-sections 

 Structural calculations 

 Project cost estimate 

 

Proposal Figure 2: MQP Methodology Schedule 

3.1 Site Survey 
 In order to properly design both the athletic building and the pedestrian bridge, various 

site elevations are required. This will be accomplished by conducting an in-depth site survey of 

A.J. Knight Field and the proposed span location of the pedestrian bridge. It is crucial that the 

surveying equipment be properly leveled and operated. The equipment will be relocated and 

backsight as necessary to account for any visibility difficulties. The team will create a base point 

on top of a manhole cover located at the base of the Sports and Recreation Center and designate 

this as the datum surface. Following this, elevations will be taken in 10 ft. increments along the 

current walkway between Alumni Field and the parking garage. This elevation line will continue 

up the hill on the inside of the current fence and out onto the sidewalk along Park Avenue. Being 
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mindful of the flow of traffic, elevations will be gathered for the road surface, as well as the 

sidewalk on the opposite side. Lastly, the line will be completed at the edge of the A.J. Knight 

tennis courts. This data will be compiled into a cross-sectional diagram detailing current site 

elevations and cross-referenced with construction documents for the Sports and Recreation 

Center and elevations available online. 

3.2 Establish Design Goals and Develop Architectural Program 
 Once the site has been surveyed, it will be important to develop the required functionality 

and architectural program of the facility. Interviews with both the WPI Athletics and Facilities 

Departments will be conducted to determine their current spatial needs and how the proposed 

facility can solve them. The questions used to help guide the interviews will be made available 

within the Appendices of the final report. Following these interviews, various design 

requirements and constraints will be established based on the intended use of each space within 

the facility. This architectural program will be used to guide the structural system and layout of 

the facility.  
3.2.1 Building Architectural Program 

 This project aims to increase the training space available to WPI varsity athletes and in 

turn free up space in the already-crowded Sports and Recreation Center. The layout for the new 

facility is shown in Figure #. The new facility requires space for strength training, athletic 

training, team-specific meeting space, and large open area to hold athletic events and practices. 

For this reason, the new structure will need a large open space without columns and minimal 

columns throughout the remainder of the building. The large open space must be two stories tall 

to allow for athletic events. The layout allows for large structural columns directly down the 

centerline of the building and along the perimeter. 

 The usages of each room shape the various loads that will be present within the space. 

The weight room facility will be located on the 1st floor of the building to allow the added load 

from the weights and equipment to not have to be carried by the structural columns. This allows 

for the space on the second floor to be utilized for uses that entail lighter loads, such as athletic 

training and meeting space, because these columns will be taller and responsible for supporting 

the roof, as well. A space such as this should optimize the amount of floor space possible to 

increase the number of potential activities it can hold, and the facility will be designed 

accordingly.  
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3.2.2 Bridge Architectural Program 

 The project aims to expand and connect the WPI campus by improving accessibility and 

safety through the design of a pedestrian bridge. Given that this bridge expands the reach of the 

campus, it is critical that the final architectural layout blend the new athletic facility into the rest 

of campus. A technical institution, such as WPI, requires that structures be modern, efficient, and 

be of high quality. For this reason, the bridge will be sheathed with tempered glass and will 

support solar photovoltaic modules on its slanted roof. However, given the bridge’s location over 

a busy highway, its proximity to both the football and softball fields, and exposure to the harsh 

New England climate, it will be important that the materials chosen for the design provide 

durability and longevity.  

 The bridge will be laid-out in order to accommodate to lanes of pedestrian traffic for 

individuals coming to and from the new athletic facility. Space below the sloped roof will be 

delegated for the mechanical, electrical, and plumbing required to make the transition between 

buildings seamless. In order to improve the energy efficiency of the pedestrian bridge and 

increase the safety of its users, both ends of the bridge will be outfitted with vestibules that are 

accessed via WPI I.D. credentials. Lastly, the bridge will utilize minimal structural support 

columns to minimize the impact on the current athletic facilities and provide ramp access to and 

from the current Rooftop Field. 

Proposal Figure 3: Proposed athletic facility floor plan 
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3.3 Establish Design Criteria 
 Following the completion of the architectural program, research must be performed to 

determine the pertinent design codes and restrictions on the proposed facility. Due to the broad 

scope of the project, both Massachusetts Department of Transportation (MassDOT) guidelines 

and Massachusetts State Building Code must be considered. In addition to adhering to AASHTO 

guidelines, MassDOT publishes an LRFD Bridge Design Manual which includes various loading 

and dimensional requirements. The Massachusetts State Building Code will provide the 

information necessary to design a building in Worcester, MA. This information will be critical in 

developing the facility’s structural design.  

 

3.4 Structural Design and Analysis 
 Structural design calculations are required for both the athletic building and pedestrian 

bridge. The design of the building will be completed prior to the start of the bridge design. 

Building calculations will be performed from the top down, starting with the roof system, then 

2nd and 1st floor beams and girders, and lastly columns and footings. LRFD design will be used 

for the entirety of these calculations. The bridge design will be done in a similar manner. 

Calculations will start with bridge enclosure, followed by the bridge deck and support girders. 

The final step in the design of the facility is develop an effective method of connecting the 

pedestrian bridge to both the Sports and Recreation Center and new athletic building. 

Calculations will be performed on this connection to ensure the structural stability of the Sports 

and Recreation Center remains intact.  
 Structural analysis software, such as RISA 3D, will be used to simulate how the 

calculated members interact with one another. This will identify any potential design errors and 

areas for improvement. These errors will be corrected and the design will be reevaluated until it 

is considered satisfactory and capable of fulfilling all of its functional requirements. 

Recommendations to WPI and future student project groups will be established based on the 

results of this analysis.  

3.5 Evaluation of Alternatives 
 During the structural design of both the athletic building and pedestrian bridge, various 

alternatives for structural systems and materials will be evaluated. For the athletic building, steel 
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will be the design material used in the structural framing and system. Two different structural 

roof systems will be considered and then evaluated based on the final cost of steel. We want to 

ensure the structural system variations will safely resist the dead and live loads present, but also 

be as cost effective as possible. In our pedestrian bridge design process, we will begin with an 

evaluation of materials. The materials will be evaluated based on strength, serviceability, and 

cost. Not only will alternative materials be considered, but alternative structural systems will be 

evaluated as well. This will allow the project to most optimally meet the needs of WPI while still 

remaining cost-effective.  

3.6 Cost Analysis 
 As cost is a parameter that a private client like WPI is especially concerned with, and a 

project cost analysis will be performed in order to ensure that the project is feasible. The 2017 

R.S. Mean Building Construction Costs Book will be used to reference the current costs of 

materials and material quantities will be taken from the final structural design. Industry standards 

will be used to arrive at design service and construction labor costs. A total project cost will be 

established to allow for comparison to previous projects completed by WPI and provide insight 

to the feasibility of funding the project. 
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4.0 Deliverables 
The completion of this project will provide a structural design of both the proposed 

athletic building and pedestrian bridge. This design will include analysis of structural members, a 

cost analysis of the overall project, and computer renderings of the final facility. A final report 

and write up of the hand-written calculations that have been checked using available software 

will be provided. Lastly, our team will present graphical representations of important data for 

better and easier understanding and presentation. These activities will culminate in a presentation 

of the work completed to WPI faculty, members of the Civil Engineering Department, and 

current students. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Proposal Table 5: Deliverable responsibilities 

 

  

Deliverable Primary Author(s) Assistant Author(s) 

Proposal All All 

Building Structure Liam Elijah 

Building Foundation Elijah Liam 

Bridge Structure Kaitlin Conor 

Bridge 

Columns/Foundation 
Conor Kaitlin 

Cost Analysis Elijah All 

Building Renderings Liam All 

Bridge Renderings Conor All 

Final Report Kaitlin All 

Background Chapter Elijah Conor 

Methodology Chapter Liam Kaitlin 

Bridge Design Chapter Conor Kaitlin 

Building Design Chapter Elijah Liam 

Analysis Kaitlin Liam 

Report Edits All All 

Paper Formatting Conor All 

Poster Design Liam Kaitlin 
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Appendix B: Site Maps and Images 
 

 

Figure 50: Side view of Parking Garage Field 

 

Figure 51: Elevated view of proposed bridge span 
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Figure 52: Elevated View of Proposed Athletic Building Site Location 

 

Figure 53: Aerial Map of Bridge Span and Building Site 
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Figure 54: Base of Sports and Recreation Center 
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Appendix C: Survey Data and Analysis 
 This section shows the raw data from the site survey that was conducted as well as the cross-

section diagram of the site created using the survey data. All heights and elevations are shown relative to 

the base of the Sports and Recreation Center which was assumed to have an Elevation of 0’-0”. 

 

C.1 Site Cross-Section Diagram from Site Survey Data 
 

 
Figure 55: Site survey diagram 

C.2 Site Survey Raw Data 
Table 39: Complete Survey Data 

Point # (10' apart) 

Back 

Site (ft) 

Height 

(ft) Notes 

1 4.81 0 Base of Rec Center assumed to be elevation 0'0" 

2 4.97 -0.16 Walkway 

3 5.025 -0.215 Walkway 

4 5.13 -0.32 Walkway 

5 5.2 -0.39 Walkway 

6 4.93 -0.12 Walkway 
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7 4.71 0.1 Walkway 

8 4.71 0.1 Walkway 

9 4.71 0.1 Walkway 

10 4.73 0.08 Walkway 

11 4.73 0.08 Walkway 

12 4.72 0.09 Walkway 

13 4.72 0.09 Walkway 

14 4.72 0.09 Walkway 

15 4.71 0.1 Walkway 

16 4.72 0.09 Walkway 

17 4.71 0.1 Walkway 

18 4.71 0.1 Walkway 

19 4.71 0.1 Walkway 

20 4.68 0.13 Walkway 

21 4.72 0.09 Walkway 

22 4.72 0.09 Walkway 

23 4.72 0.09 Walkway 

24 4.7 0.11 Walkway 

25 14.69 0.09 Walkway 

26 14.71 0.07 Walkway 

27 14.7 0.08 Walkway 

28 14.68 0.1 Walkway 

29 14.71 0.07 Walkway 

30 14.73 0.05 Walkway 

31 14.71 0.07 Walkway 

32 12 2.78 Retaining wall by entrance to Alumni Field 

33 8.23 6.55 Hill at Alumni Field 

34 4 10.78 Hill at Alumni Field 

35 2.25 12.53 Top of hill at Alumni Field 

36 2.34 12.44 Downslope of hill towards sidewalk 

37 4.56 10.22 WPI side 122A sidewalk 

38 5.02 9.76 WPI side of Route 122A 

39 5.04 9.74 Field side of Route 122A 

40 3.87 10.91 Field side 122A sidewalk 

41 10.44 14.35 Retaining wall by A.J. Knight Field 
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42 8.31 16.48 Hill at A.J. Knight Field 

43 6.5 18.29 Hill at A.J. Knight Field 

44 4.87 19.92 Hill at A.J. Knight Field 

45 2.87 21.92 Tennis Courts 
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Appendix D: Design Specification Sheets 
 This section contains the various published design aids that were utilized throughout the 

design of the proposed facility. Further information regarding their usage can be found within the 

Design Methodology Sections.  
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D.1 Building 2nd Floor Deck Spacing 
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Appendix E: Building Calculations 
 This section contains the necessary hand-calculations required to properly design the 

proposed athletic building. Each section shows the typical methodology for determining the 

proper members for the structure. Microsoft Excel spreadsheets were then used to recreate these 

calculations multiple times to increase efficiency. Screenshots of these spreadsheets are included 

at the conclusion of their appropriate sections. 
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E.1 Roof Truss Calculations 
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Figure 56: Roof truss calculation spreadsheet 
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E.2 Roof Beam/Girder Calculations 
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Figure 57: Building roof beam/girder calculation spreadsheet 
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E.3 Building 2nd Floor Calculations  
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Figure 58: Building 2nd floor calculation spreadsheet 
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E.4 Building 2nd Floor Slab Calculations 
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E.5 Building Column Calculations 
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Figure 60: Building Column Loading and Descriptions 

Figure 59: Building Column Example 
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E.6 Building Lateral Reinforcement Calculations 
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E.7 Building Seismic Calculations  
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E.8 Building Footing Calculations 
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Figure 62: Building Footings Loading Conditions 

Figure 61: Building Footing Example 
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E.9 Elevator Hoist Beam Calculations 
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Appendix F: Pedestrian Bridge Calculations 
This section contains the necessary hand-calculations required to properly design the 

proposed pedestrian bridge. Each section shows the typical methodology for determining the 

proper members for the structure. Microsoft Excel spreadsheets were then used to recreate these 

calculations multiple times to increase efficiency. Screenshots of these spreadsheets are included 

at the conclusion of their appropriate sections. 
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F.1 Bridge Through-Truss Calculations
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Figure 63: Bridge Truss Calculations 
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F.2 Bridge Roof Frame Calculations
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F.3 Bridge Wind Distribution Calculations 
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F.4 Bridge Seismic Calculations
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F.5 Bridge Elastomeric Bearing Calculations
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F.6 Bridge Pier Calculations
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Figure 65: Bridge Pier Loading Conditions 

Figure 64: Bridge Pier Calculations 
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F.7 Bridge Pier Cap Calculations
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F.8 Bridge Footing Calculations
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F.9 Bridge Final Pier Calculations 
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Appendix G: Cost Analysis 

  
Figure 66: Athletic Facility Cost Estimate Overview 
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Figure 67: Pedestrian Bridge Cost Estimate Overview 
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Appendix H: Connection Geometry Check 
The following section shows how key connections for the proposed athletic building and 

pedestrian bridge structural system would look. Each connection was checked for geometric 

constraints to ensure that connections could be designed. Note that the connections were not 

structural designed of checked for failure conditions. 

 

 
Figure 68: Pedestrian Bridge, Superstructure Connection to Elastomeric Bearings 

 

 
Figure 69: Athletic Facility, Interior Beam Connection to Column 
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Figure 70: Athletic Facility, Exterior Beam Connection to Column 

 

 
Figure 71: Athletic Facility, Interior Girder Connection to Column 

 
Figure 72: Athletic Facility, Interior Girder Connection to Interior Beam 
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Figure 73: Athletic Facility, Exterior Girder Connection to Interior Beam 
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