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Abstract 

The objective of this MQP was to develop a sustainable design for the new WPI 

Recreation Center. This design included the structural steel members, trusses and connections, 

and a foundation including the footings, retaining wall and pool.  LEED certification was 

integrated into the sustainable design and various software tools such as RISA 2D, AutoCAD 

and Revit were used for structural analysis and architectural design. 
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Capstone 

 

The purpose of implementing Capstone Design criteria is to gain a better understanding 

of how both synthesis and analysis are involved in creating a well rounded final, or capstone, 

project.  This model provides a path that helps to find the solution to a problem and make 

decisions that affect more than just a final report. A project that follows the Capstone Design 

requirements involves a decision making process that includes synthesis and analysis to develop 

alternative designs based on constraints that include but are not limited to technical, 

environmental, economic, social, political and sustainable.  

This MQP specifically addresses the design and constructability of a new Athletic 

Facility to be built on the WPI campus. The problem presented to the group was to successfully 

develop a sustainable structural and foundation design for the new facility.  To address this 

design challenge, the group created an overall building layout, performed design and analysis for 

both the foundation and structural framing, conducted basic cost estimating activities, and 

completed this final report of the design recommendation options. 

The capstone design constraints had to be considered during the planning and design 

process.  As different constraints were considered, alternative designs were developed.  In order 

to address these real world constraints, this section of the report will review how they were 

considered during the design process.  The eight principle constraints which the MQP considered 

were: 

Economic 

 Addressed in this project are different factors affecting not only the economy of the WPI 

community, but also the City of Worcester.  In order to better understand these factors the group 

has looked into cost estimates and considered the recent construction on the WPI campus. We 

were then able to gain an understanding of how this new and very expensive project may tie into 

expenditures of the institution and the lives of the surrounding community. The group must 

address whether or not there would be a worthwhile return on investment (i.e. benefitting quality 

of life, engaging more students and alumni, increasing recruitment, increasing donations and 

alumni giving etc). It had to be considered what the return would be on the investment. 

One main factor kept in mind was how the construction would affect the state of the 

school while in session. The project will be in progress for multiple years. The construction may 
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be disruptive to the student enrolled, and may take away from the overall aesthetics of the school 

for visitors. This negative aspect may be outweighed by the positive attraction to the school. 

Such a facility may cause more spectators to attend sporting events, stimulate heightened interest 

of fans, create a more competitive team and students may enjoy life on campus more. These are 

all reasons arousing more interest in the school itself, which can definitely influence the 

economy of WPI. 

In the Worcester community, how will a private institution, such as WPI building a large 

recreational center, have an influence? The group has thought about the affects during 

construction and also after the facility is built. The economic upsides seem to outweigh any 

negative economic effects on the immediately surrounding community. Some examples of 

positive effects include: the creation of jobs for contractors, subcontractors, and others in the 

immediate community, the opportunity for community involvement in WPI sports, the creation 

of community workshops, classes, and sponsored use of the facility to bring in profits, and 

possibly even having sponsored events for the community to provide community service 

opportunities for the school. 

Environmental 

 The group has also considered how the building of such a large structure and its 

permanent existence will affect the environment. We have looked into how a large scale 

construction project and the overall process of construction affect the surrounding environment. 

Much of the research we have performed on LEED has helped us to become more familiar with 

how to mitigate some of the issues. For example, a few issues involved in the process that can be 

somewhat or even fully counteracted are: 

Á Machinery/automobiles emissions and noise pollution vs. more efficient 

equipment 

Á Full waste vs. recycling construction waste 

Á Groundwater runoff/paving vs. green roof and grey water usage 

Á Project length vs. fast-track project scheduling 

Also, we looked at how a building of this size and surface area would affect the 

surrounding environment. Again, for example: 

Á Paved area, covered surface area, etc. 
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Á Roof drainage 

Á Repairs/maintenance 

Á Use by humans (waste, foot traffic, new outdoor facilities) 

These aspects of the buildingôs existence can also be neutralized by using green building 

practices and proper maintenance. 

Sustainability 

 Considering environmental concerns, sustainability has been a main focus of investigation 

by the group. We have addressed different ways a design can work to alleviate some of the 

environmental impacts of such a large project. We have also examined ways that new technology 

can be incorporated into the design in order to use environmental elements to the advantage of 

the longevity and sustainability of the building itself. This topic has been selected as a particular 

topic of interest in the Capstone Design Experience and the incorporation of these new 

technologies has ultimately had a profound effect on the final building design. Some processes 

that we have found to have great potential for use in this design include: 

Á Green building practices (waste removal/recycling) 

Á Reuse of water/runoff 

Á Lower vehicle/machinery emissions 

Also, we have addressed actual design elements and Green Building concepts that could 

be included in the final design such as: 

Á LEED Certification by the U.S. Green Building Council 

Á Green Roof Design to prevent premature/excess water runoff 

Á Curtain wall polarization or BIPV (Building Integrated Photovoltaics) to use solar 

energy to power a battery operated/aided mechanical/HVAC system or interior 

lighting system.  

Constructability 

 Constructability has been looked at from multiple angles. Such a large construction 

undertaking relies on many factors. The success of the project is heavily dependent on the 

determination of whether it is more easily constructible or not. If there are a number of issues 

raised with the actual ability of an architectural work to be built, a project may not move forward 
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or the contractors could have a hard time engineering a solution. This could result in a longer, 

more costly process. Some things considered in designing both the layout and structure include: 

Á Architectural design elements and the layout conforming to structural 

requirements. 

Á Community and political constraints (zoning, permitting, community objections). 

Á Access for construction (road/utility access and availability) 

Á Timeline (problems during school year, effects on the life of current students, 

etc.) 

Á Budget, cost (considering current state of economy) 

Á Inflationary pressures may limit the use of more desirable aesthetic design 

choices at the cost of the chosen architectôs vision. 

Ethical Issues 

 This concept heavily focuses on the community members, both enrolled at WPI as 

students as well as those living in the surrounding communities. There are many avenues by 

which ethical issues may come to pass and they have many different ways of being viewed. As a 

group of engineering students, it was important for us to address this real world subject matter. 

The well-being of the young WPI community as well as the surrounding Worcester community 

that chooses to use the facility is placed in the hands of those that design the building. We have 

recognized in performing the various design activities the importance of safety factors and how 

the design of individual elements can affect the structure as a whole, and therefore all those that 

come into contact with it. It is this realization that has enlightened us to the importance of ethical 

issues faced by professional civil engineers. The well-being of the community comes first and 

foremost and in designing a structure that can positively affect the lives of so many, it is the job 

of the engineer to keep priorities straight and to construct the most structurally sound building 

possible, given economic constraints.  

Health and Safety 

 The health and safety of community members, during construction and after the facility is 

built, should be explored. This issue greatly ties into the environmental impact and the idea of 

sustainability. On the positive side, the recreation center certainly promises the opportunity for 

better health and fitness following completion of the project. Negatively, the process of 
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construction has potential to affect the area, but as discussed previously many of the following 

problems can be lessened: 

Á Emissions from machinery 

Á Waste products and water entering the surround areas water supply 

Á Noise pollution 

Á Night safety/secure construction site 

Social 

 The social aspect of any design and construction project largely ties together health and 

safety, economic and environmental impact. It is in the societyôs perception of the project and its 

advantages or disadvantages where potential problems or praise lay. The community, both WPI 

and surrounding, must be heard and its approval sounded before a project such as this can be 

approached. The need of a new Athletic Facility is a great part of that and is something that has 

been discussed at length in the background of this report. The decision to move ahead with the 

design and construction of this project has pointed to a positive assessment of the pros and cons 

of the different factors faced in creating such a facility and all that comes with the process. It 

seems to be the conclusion of the WPI community that the positive effects of building this 

Recreation Center outweigh the negatives. 

Political 

 A political aspect must be addressed as a part of the Capstone Design experience. The 

politics of the building industry are multi-faceted, especially in competitive school such as WPI. 

The main issue lies in where funds should be allocated. In building such a facility there are trade-

offs, such as reducing the amount of money available to hire more faculty, to provide 

scholarships to more students, and to build more dorms. These being some negative effects, the 

positives may include building a better athletic program, reflecting well on the current 

administrations and increasing the visibility of the school.  
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Executive Summary 

Worcester Polytechnic Institute is currently in the beginning stages of the design and 

construction of a new Recreation Center. As the number of students attending WPI continues to 

grow, buildings are being erected to accommodate for the increased population and to improve 

the quality of life on campus. Such buildings also provide the school better recruiting 

opportunities and offer attractions for a wide range of prospective students.  

The objective of this project was to create an initial building layout, a design scheme for 

steel members, trusses and connections and a foundation plan consisting of spread footings, a 

retaining wall and pool design. Each portion of design encountered unique challenges and issues, 

but ultimately a practical and structurally sound design was produced. 

 The first major step in the design process was to come up with an overall architectural 

building layout. Given a list of the desired facilities, the group was able to brainstorm different 

floor plan options and analyze the most practical placement of each activity space. The resulting 

five story building, incorporated into the side of the hill leading down to Alumni Field, provided 

a base for the placement of the members for the steel design. 

 The design for the structural steel portion of the building was performed using the LRFD 

design method and the AISC guides and criteria. To further aid in the process, a spreadsheet was 

formulated in which design loads and dimensions were used to yield the necessary member sizes 

for the frame. The final design consists of 900 horizontal members, over 200 wide-flanged 

lengths for columns and two styles of trusses of 6 ft. and 8 ft. depths. The connections for the 

frame are primarily bolted and thus sample calculations were prepared according to AISC 

methods as well. Upon conducting an overall frame analysis using the portal method, the steel 

skeleton was deemed stable. 

 The foundation design consisted of spread footings for the columns, retaining walls and a 

slab design for the pool, and a retaining wall on the East side of the building. Taking into 

consideration the soil conditions, and recommendations from the geotechnical report for 

allowable soil bearing pressures, three different size footings were designed for three categories 

of vertical loadings produced by the building frame. The selected design also consists of an 

independent, cantilevered retaining wall for the East wall. This procedure consisted of 

dimensioning and detailing the design, as well as incorporating the use of grouted tie-back 

anchors to resist excessive overturning and sliding loads. The third component of the foundation 
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was the swimming and diving pool containment area. This included the design of cantilevered 

retaining walls for a range of depths and the design of a welded wire fabric reinforced slab-on-

grade. 

 A cost estimation of the project was conducted by estimating the cost of raw materials 

and fabrication cost. The size and length of the steel members, the cubic yardage of 4000 psi 

concrete and the units of rebar were all incorporated into the estimate. The cost was calculated 

using average costs from RS Means and a percentage was added to both the steel members and 

rebar for fabrication. The approximate total cost for steel, concrete and fabrication equaled $1.6 

million. 

 As with any project, the design process produced a number of challenges and roadblocks. 

For example, the first major challenge was encountered in the layout design. With limited 

architectural design experience, the group had difficulty in selecting the desired spaces, 

organizing them into a flowing, practical and functional building and also taking into 

consideration where critical design loads and the corresponding structural elements would be 

located as a result. Another challenge was faced in designing the trusses. Since these trusses 

spanned 100 ft. in length and supported large loads, it was a challenge limiting them to a 

maximum depth. This depth had to allow for ample clearance between the bottom of the truss 

and the floor below. Design of the retaining wall was also challenging because of its large height. 

This loading was redirected using the tie-back anchors and the size of the wall and footing 

components. These issues are just a selection from the many obstacles faced during the design 

process. 

  The group was able to achieve a sustainable design of the recreational center that would 

enhance the quality of life on campus and encourage sports and a healthy living.  The new center 

would be an asset in recruiting new students to campus and to engaging the community in more 

activities that are not possible with current facilities.  This project challenged the group to make 

decisions and seek alternative solutions every step of the way, including architectural design, 

structural design, constructability, cost, functional attributes, and sustainability. It was the 

process and the obstacles encountered that ensured a well-rounded project and learning 

experience. 
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1.0 INTRODUCTI ON 

Sport, by definition, is a ñphysical activity that is governed by a set of rules or customs 

and often engaged in competitivelyò (Dictionary, 2008).  Sports are largely recognized and 

encouraged at Worcester Polytechnic Institute (WPI), a University of Science and Technology. 

To WPI, sports give their students a chance to compete in competitive physical activities and 

develop active lifestyles. They are also a great way for students to meet new people, develop 

skills such as communication, confidence, leadership and team work. The number of student 

athletes has been increasing every year and now WPI must expand their facilities to 

accommodate this growth.   

 The design of the new Recreation Center will provides student athletes and faculty new 

workout facilities, basketball and racquetball courts, a pool, climbing wall, classrooms and 

treatment rooms. Having this state-of-the-art facility allows the athletes to train and compete in 

sport activities, developing higher levels of skill, team work, and overall enjoyment. It also 

allows students to continue living active lifestyles, and maintaining their health and physical 

well-being. The successful completion of construction for this new Recreation Center will bring 

generations of WPI students the benefit of having new-age facilities available for their use.  

 Our Major Qualifying Project (MQP) group was presented with the task of performing 

structural design activities for the new Recreational Center. The completion of this MQP satisfies 

the ABET Capstone Design experience and is the culmination of the groupôs education at WPI. 

The final result is a sustainable design, which was reached through a process that encountered 

realistic constraints and obstacles. This design process included the creation of an initial footprint 

and floor plan, exploration into permitting, zoning and green building practices, the design of 

steel members, trusses, connections, and a foundation design consisting of spread footings, 

retaining walls and slab-on-grade. Once the final product was complete a cost estimate for the 

raw materials and fabrication was calculated. 

 The Recreation Center is meant to meet the necessities of WPI and the community. 

Promoting athletics and health within WPIôs community is an integral aspect of campus life, a 

characteristic that continues to be upheld as the population grows and changes. It is important for 

students to represent the campus community and to be involved in this process. This project 

addressed real-world design challenges and the task of creating a practical facility capable of 
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housing the desired facilities. This exploration of the design procedure and final result is 

illustrated within the following report.  
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2.0 BACKGROUND  

Athletics and fitness are a prominent aspect of education and the emphasis on activity is 

growing even more as the percentages of youth obesity rises. In early education and at the 

college level, the United States is continually pushing the importance of fitness and health 

knowledge. An integral part of the college curriculum is the facilities in which to learn and to 

exercise in order to achieve the best-rounded experience. Thus, in colleges like Worcester 

Polytechnic Institute, building state of the art centers for recreation and fitness are becoming an 

important and essential component of delivering a quality education. 

Specifically concentrating on collegiate schools like WPI, one can see the effect of 

sporting activities on a community. Varsity sports and team related physical education can have 

a profound effect on the mood, involvement, and overall health of a campus. This is one reason 

why private education organizations are relying on the need for a variety of space and equipment 

for fitness education and involvement. There are a number of other influencing factors that may 

push an institution like WPI in the direction of a recreational building including housing the 

growing number of admitted students per year (Management, 2007), the need to stay competitive 

and attract a wider range of students, the necessity of providing a well-rounded education, and 

simply improving the overall quality of life on campus.  

The design and construction endeavors on university campuses are each architecturally 

unique and are helping schools to stay competitive, attract scholars, gain recognition, and 

provide more space for learning, but even in their distinctiveness the process by which they are 

designed and erected is fundamentally the same. Most large-scale, campus construction projects 

include the following components: recognition of necessity, basic layout, detailed architectural 

design, foundation design, building structural design, preconstruction activities, and execution of 

construction. These are the main procedures and practices that will be discussed in the following 

sections. 

2.1 Initial Layout  

The first stages of any design project heavily depend on an idea, a building block, and in 

this case, a layout. After the client and the architect gauge what facilities are needed and desired 

they can begin to create a layout within the space provided. The footprint provides this surface 

area restriction and within this area the preferred facilities are placed.  Only after this are the 
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architect and structural design team able to really apply their practices to design around the 

specific space.  

The WPI administration and community have voiced their opinions and it has been 

determined which facilities will be part of the new Recreation Center. A layout design was 

conducted from a list of desirable spaces and facilities and their required surface areas as shown 

in Table 1.  

 

With the facilities names and area being given, it was possible to create a layout 

providing a base for the coming structural design and analysis activities. This arrangement 

needed to be completed before any structural design could be started. In order to begin, zoning 

and coding also needed to be considered, the footprint and elevations needed to be determined 

and the establishment of the desired number of floors and relative major architectural elements 

was necessary. To create a layout for the new WPI Recreational Facility the following methods 

were utilized by the group: 

Á Obtaining the list of spaces (Table 1:  List of Desired Facilities for Athletic Building).  

Á Consultation of building codes and zoning ordinances.  

Á Determination of general square footage footprint by using a combination of 

existing topographical/contour maps and mapping procedures using a hand-held 

GPS unit.  

Table 1:  List of Desired Facilities for Athletic Building 
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Á Basic dimensions for each individual space were used in brainstorms and sketches 

of different possible arrangements.   

o To aid in this brainstorming process, the group went on a site visit to the 

Boston University Fitness and Recreation facility. Using insight gained at 

this other campus on the overall design aesthetic and practicality, the 

group was able to begin sketching.  

Á Sketches were used to come up with a more dimensionally accurate drawing.  

o This was done using AutoCAD. The general spaces were dimensioned and 

placed in each floor plan matching the area of the footprint of the building. 

The resulting drawings were then combined to create the overall floor 

plans and elevations of the proposed building.  The floor plans and 

elevations we created can be seen in Appendix A.  

2.2 Applicable Loads 

As part of the design process, the loads on the structure must be determined.  Even in the 

architectural planning of a building the designer must be mindful of structural challenges and the 

resulting costs. Especially in the new, sustainable wave of construction, the architectural aspect 

must take into consideration even more challenging elements. This means all types of loading 

possibilities for the potential edifice must be recognized. These loads must then be used during 

the structural design of the building, in both the sub grade foundation and above in the 

superstructure. The general loads that will be explored in this project include dead load, live 

load, wind load, snow load, seismic load, and other special loads related to this particular 

building. A brief explanation of each is as follows. 

Dead load is the load created by those materials that are directly attached or built-in to 

the building itself. This includes any material making up the super structure, envelope, 

interior architectural elements, permanent equipment, etc. 

Live load, also known as the occupancy load, is the downward force created by different 

types of occupancy. For example a building created for office use would have a different 

occupancy load than one meant for performances, such as auditoriums. 

Wind load, snow and seismic loads are all variable by location. For a certain region 

these loads can be calculated and applied accordingly. 
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Special loads are variations or additions to the live load. This building is unique in that it 

will serve many different purposes and provide a multitude of activity spaces. For 

example, special spaces like weight rooms, pool and courts will be present. Green 

building options like green roof or shading might add to the roof load and curtain wall 

load as well. Mechanical system loads are also included in this category. 

2.3 Structural Building Design 

The base of a buildingôs superstructure is its structural framing which enables it to stand 

and remain stable. This skeleton takes the dead and live loading and transfers it to the foundation 

which in turn disperses it into the ground. For this particular project, the WPI Recreational 

Facility, the group has chosen to explore steel member options for the building.  Concrete 

members were not chosen for the primary building material because it does not have tensile 

strength that steel boasts and overall it is not as versatile a material. Aspects that have been 

considered as sub-categories in this structural design are the types and sizes of members, trusses 

and connections. 

2.3.1 Steel Design 

Structural steel was used in the first skyscraper, the Home Insurance Building, in Chicago 

in 1884-1885. This marked a turning point in modern-day construction. The need to expand 

upward coupled with innovations in light-weight, strong, iron-carbon compounds led to hot-

rolled steel eventually becoming the norm in large and small construction projects worldwide. 

Looking at recently built projects on the WPI campus, it has been observed that steel is 

the main structural material around which the buildings are erected. The skeleton of both the 

Bartlett Center and the new residence hall, East Hall, were constructed mostly, if not entirely, of 

steel girders, beams, and columns. Because the Athletic Facility is to be a larger undertaking than 

both of these buildings previously done, steel again seems like the most feasible and practical 

material.  This is because it can be manufactured and prepped mainly offsite and is more cost and 

time efficient than options such as composite members in fast-track construction projects. There 

are many elements that make up an actual steel framed structure and it is those pieces that will be 

discussed in the following sections. 
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Material 

Steel is an alloy made mainly of iron with a small percentage of carbon. Because carbon 

is the most cost-effective alloying agent to be combined with iron, it is most commonly used in 

the steel construction industry. The level or percentage of carbon that is infused into the iron is 

the determining factor of the grade that steel is given. This grade represents the strength 

properties (ductility, hardness, tensile strength, etc.) of the material. We have chosen to use a 

steel grade of 50 ksi for design purposes. This grade of steel is also commonly found in steel 

construction, along with grade 36 ksi. We have opted for the higher grade. 

Beginning in the mid-19
th
 century steel was mass-produced and used for many 

applications that wrought iron had been used for previously. The material used in construction is 

called rolled steel which is typically cut, shaped and drilled in steel fabrication shops and then 

shipped on-site. These different shapes and their functions will be explored further in a later 

section.  

Structural Members 

Steel members consist of horizontally spanning members and vertical members. 

Horizontally, the two main categories are beams and girders, which have very similar shapes and 

structures, but beams transfer loads to the girders.  This results in girders being larger members. 

Columns, which are vertical, are the steel component that transfers the girder loads down to the 

foundation of the building (Ching & Adams, 2001).  

Beams and Girders 

There are four main rolled-steel shapes for beams and girders. One of the most-used in 

modern construction is the wide-flange (W) shaped beam. Other common shapes include the I -

beam (S), the channel (C), or structur al tubing. Because the main goal is to have the lightest 

weight material that can resist the largest amount of forces, another option for beams and girders 

are open-webbed members.   

Joists or trusses are most commonly used to span longer spaces. In these cases they are 

usually a more practical option than a solid beam or girder as they use less material, but are 

engineered to resist the same tensile, compressive, shear, and bending forces as a full beam.  
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Columns 

As stated above, the most commonly used column shape is the wide-flange (W). This is 

mainly because, along with its strength properties, it can also be connected to in two directions. 

Welding and bolting are also possible at each of its surfaces. Though this is most typical, other 

potential shapes include the round pipe, rectangular or square tubing. Also, like in the 

horizontal members, plates and shapes can be combined to create other alternatives. For 

example, plates can be welded into a similar W shaped wide-flange or a square tube. Angles can 

be welded as well to form such shapes as a cruciform .  

Structural Steel Framing 

Steel framing can be used in anything from a one-story building to the biggest of 

skyscrapers. This fitness center application is no different and typical steel framing practices 

should provide a great base from which the full structural design activities can stem. 

Characteristically, steel framed buildings are dimensioned in a rectangular grid and within this 

grid different options can be explored. 

The building blocks for such a frame are the girder, beam and column. The horizontal 

beam transfers loading to a girder or directly to a column. Also horizontal, a girder transfers that 

loading to columns. These columns transfer all that loading to the foundation which then 

disperses it into the subsoil or bedrock. The organization of these main pieces can take the form 

of either a one-way beam system, two-way beam system or triple beam system. The one we have 

found to be most applicable to this design is the two-way beam system. 

Two-Way Beam System 

Considering a rectangular portion, in this system, columns run in two lines along the 

length. Connecting each column in the line is a girder and spanning the length between the two 

lines are the beams. Within this option, there are two ways in which the connections can be 

made. The first is framing the beams into the web of the girder. This method helps to minimize 

floor depth but still allows for some mechanical systems to be incorporated, but will most likely 

leave need for a drop ceiling for the larger components. The other option is layering the beams 

on top of the girder, thus providing more floor depth and space for utilities. Because lateral 

stability of the frame is important, the girders can be used to span the short axis of the building, 

therefore adding to this steadiness. 



11 
 

The frame dimensions are the next step in designing for the loading situation for a given 

building. In a one-way beam system the typical beam span range is 20 ft. to 32 ft. and beam 

spacing is 6 ft. to 15 ft. For larger spans, a more practical and economical option is the use of 

open web joists. Also made of steel, these truss-like structures replace the heavier steel beams of 

similar strength and spanning capabilities. 

Steel Connections 

Crucial to the stability of any steel framed structure are the connections between the 

members and between the members and foundation. These connections are most commonly 

created using components like steel tees, plates and angles. Also involved in connecting the 

members is the bolting, welding, or riveting of these smaller elements to each constituent. It is 

more than just the rigidity of a connection that determines which should be used; other factors 

include economic feasibility, efficiency of erection, and aesthetic necessity. After looking at 

these aspects, the design always falls back on the structural capacity. The American Institute of 

Steel Constructionôs (AISCôs) Steel Construction Manual should be referenced to find the 

desired properties of the connecting elements and the requirements for each type of connection.  

There are two main fields of connections; one regarding beam and girder connections and the 

other addressing column and base connections. Furthermore, these two types are broken down 

into whether they are moment connections, shear connections, or semi-rigid connections. This 

determination aids in the selection and design process of the most suitable connection (Ching & 

Adams, 2001). 

Steel Beam Connections 

There are a great number of ways beams, girders, and columns can be connected. Here, 

each type (moment, shear, semi-rigid) will be explored with options described. 

 

Moment Connections or Rigid-Frame Connections (American Institute of Steel 

Construction, 2005) must be capable of maintaining the original angle at which it was 

built. This is possible when it is constructed to resist moment under loading. Moment 

connections are typically formed using plates or bolts and welding them to the beam 

flange/supporting column. Other common practices include the use of web stiffeners, 

back bars, seat angles, and tab plates. 
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Shear Connections or Simple Frame Connections (American Institute of Steel 

Construction, 2005) must only be constructed to resist shear. This means they are capable 

of rotating under the gravity loads to which they are subjected. When using such 

connections, the use of diagonal bracing is typical because the structure needs to maintain 

lateral stability. This type of connection is dominated by the simple bolting or welding of 

angles or tab plates to the beam web and column. 

Semi-Rigid (American Institute of Steel Construction, 2005) provide connection strength 

with some, but not total moment-resisting capability.  

Steel Column Connections 

Now that the manner in which beams and girders are normally connected to columns has 

been explored, it is also important to investigate the types of connections critical to column 

design. There are two main areas at which a column must transfer its load to another element. 

The first is where a smaller column is spliced on top of a larger one. The second is where the 

column meets the foundation or footing (McCormac, 2008). 

Column Splices occur when one column must be connected to another. This usually 

occurs either where there are columns of different size and strength needed at different 

levels or where a height is simply too long for a single member to be feasible. Where the 

nominal size does change it is common practice for a butt plate to be welded to the end of 

each column, thus reassigning the load. In similar or same sized members bolted 

connections can be used. In this case a back plate can substitute for any difference in 

flange thickness. Finally, a welded butt connection is simply welding the two ends 

together. In order to maintain alignment before and during welding a plate is used. 

The main component of a Column Base is the thick steel base plate. This allows for the 

load from the column to be distributed evenly to the concrete foundation. This plate is 

usually leveled first on non-shrinking grout and leveling nuts are necessary where the 

column exceeds a certain size. The column is then welded to the base plate. In some cases 

stiffener plates and anchor bolts are also used (Ching & Adams, 2001). 

Steel Structure and Foundation Design 

The steel framed structure is the most widely used construction practice in modern 

industry for large scale projects. The basics explained above have been assessed to come up with 
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the most appropriate design. This design will ultimately transfer the building loads to the 

foundation, the details of which are discussed in the following section.  

2.4 Foundation Design 

Building foundations are plainly defined as structures that transfer loads from the 

superstructure to the ground beneath.  Otherwise known as the ñsubstructure,ò the foundation is 

usually built either mostly or entirely underground. Foundations must not only support the 

building above, but also anchor it in the varying types of soil, strength of bedrock, and water 

conditions below grade. This structure must also be large enough to accommodate the overall 

edifice above it and be able to distribute the loads sufficiently.  

2.4.1 Material 

Modern foundation construction is dominated by either reinforced concrete or concrete 

masonry units (CMU). We decided on reinforced concrete because of the ample size of the 

foundation structures and for constructability reasons. One governing part of the design process 

is to choose the correct mix and reinforcement materials. Throughout the design of the 

foundation we have used the following: 

Spread Footings and Retaining Wall Structures: 

Á 50 ksi reinforcing steel 

Á 4 ksi concrete 

Pool Slab on Grade: 

Á 60 ksi WWF 

Á 4 ksi Concrete 

Tiebacks 

Á 150 ksi steel 

2.4.2 Loading and Settlement 

The loads that specifically affect the foundation include the vertical loads (dead and live) 

transferred from the columns in the superstructure and others that the building is subjected to like 

wind-induced sliding, uplift, and overturning. The foundation must also be resistant to 

reasonable seismic activity and the walls must provide sufficient opposition to the pressures of 

the surrounding soil and groundwater. 
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One of the greatest challenges that must be considered in the design and construction of a 

substantial foundation is the idea of settlement. Under loading, a sub-grade substance, mainly 

soil, would tend to consolidate, resulting in settlement downward. This consolidation can either 

occur quickly, in small amounts, or over longer period of time on a bigger scale, all depending 

on the type of soil and its moisture condition. To avoid as much settlement as possible, a 

foundation must be designed so that the system distributes the load as evenly as possible per unit 

area. When this is not done or unexpected settlement occurs in some areas and not others, it is 

called differential settlement and can cause cracks in the foundation and warps in the building 

frame itself.  

Settlement, sliding, uplift, and overturning can all be resisted if a proper foundation is 

designed to not only fit the building above it, but also to effectively reassign the load from above 

to the ground. A determining factor in the efficiency of such a scheme is the actual type of 

foundation system and its competence in reacting to the conditions for which it is made. 

2.4.3 Foundation Systems 

Foundation is a relatively broad term. There are many possible arrangements that can 

transfer the loads of a superstructure to the ground below. One example is the generic basement 

which consists mainly of load bearing walls that support the building as well as hold back the 

earth. On a smaller scale, crawl spaces accomplish much of the same thing and are usually used 

just as access to utilities. Slab-on-grade is concrete placed directly on the earthôs surface. 

However, this practice is usually just used in smaller buildings or dwellings. Because the 

building, in this case a collegiate athletic facility, is a rather large undertaking, certain types of 

shallow or deep foundations and retaining walls will be explored. 

Shallow Foundations 

Because the soil type most commonly encountered in the Worcester area and specifically 

on the WPI campus is glacial till, a relatively stable soil, a shallow or spread foundation should 

be sufficient (Haley & Aldrich, 2008). These are used when the bearing capacity of the subsoil is 

adequate near the surface where the building is to be erected. If this were not the case, deep 

foundations would need to be further investigated and piles that extend down to bedrock or soil 

with sufficient bearing capacity would have to be used. According to Building Construction 
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Illustrated: Third Edition, by Francis D.K. Ching and Cassandra Adams, the following are the 

main factors in the selection of a foundation system (2001): 

Á Pattern and  magnitude of building loads 

Á Subsurface and groundwater conditions 

Á Topography of the site 

Á Impact on adjacent properties 

Á Building code requirements 

Á Construction method and risk 

Footings 

After taking these factors into consideration and looking into the foundation design of 

similar facilities built on the WPI campus, it is assumed that a shallow foundation will be used. 

Types of footings that could potentially be utilized can be found in Table 2. 

Table 2: Footing/Foundation Types 

 

 

The size of footing depends heavily on the load that is vertically applied as well as on the 

bearing capacity of the subsoil. In the case that soil bearing capacity is low and the resulting 

footing size makes up more than 50% of the entire footprint of the building, it is assumed that a 

single slab mat or raft foundation would be a more practical and economical option. After 

performing some sample foundation designs based on loading from the columns and on an 

allowable bearing pressure of 8 ksf (Haley & Aldrich, 2008) we found that such a mat footing 

would not be necessary. It would be more practical and economical to use simple spread 

footings. 

In the formation of foundation footings, some strict guidelines must be followed. In the 

New England area, it is important that the bottom of the footings be located at least 12 in below 
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the frost line. Shallow foundation footings must also be constructed of concrete with a minimum 

compressive strength of 2500 psi at 28 days of procurement, have longitudinal temperature 

reinforcement, and sometimes have tensile reinforcement depending  on if the footing projects 

more than half the wall thickness.  There must be a minimum 6 in. of concrete above steel 

reinforcement and 3 in. minimum clearance between reinforcing bars and concrete surface. 

2.4.4 Retaining Walls 

Because the proposed site for the new Recreation Center is encompassing a large sloped 

area, the inclusion of a set of large retaining walls will be needed in the foundation design.  A 

retaining wall is used to hold back the earth on the uphill side of a slope change and is needed 

when the slope of the grade exceeds the soilôs angle of repose. The average angle of repose 

assumed for most soils is 33ę.The pressure that builds up against the resisting retaining wall 

grows proportionally to its maximum at the lowest portion of the wall.  

In general, the pressure against the wall ñmay be assumed to be acting through the 

centroid of the triangular distribution pattern, one third of the distance above the base of the 

wallò (Ching & Adams, 2001). In certain cases where the grade continues to increase above the 

retaining wall, the extra loading is called the surcharge. In this design a surcharge will need to be 

added to account for the extra loading caused by the lobby area of the building. Also adding to 

these loads may be the vehicular traffic on the paved surface above the soil retained by the wall.  

There are three main failures that form the basic challenges in designing retaining walls: 

overturning, horizontal sliding, and settling.   

Overturning 

Any pressure in excess could potentially overturn a retaining wall about its toe. To keep 

this from occurring, the design has to take into consideration the following statement: The 

resisting moment constructed into the wall along with the help of the soil presence on its heel 

should work to offset the effects of an overturning moment. This may require the assistance of 

additional tie-back supports extending into the soil. 

Horizontal Sliding 

Similarly, to lessen the likelihood of sliding, the wall weight and the amount of friction 

must be greater than the thrust created by soil pressure on the other side of the wall. Another way 
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to aid in the resistance to sliding is the use of a key beneath the lowermost part of the footing as 

well as the same tie-back supports. 

Settling 

It is important for a retaining wall to undergo minimal settling because a number of 

failures could occur.  These include the two mentioned above as well as the spilling over of earth 

above the wall which creates pressure against areas not meant to withstand it. To keep this from 

occurring, the downward forces cannot be greater than the bearing capacity of the supporting 

soil. 

Types of Reinforced Concrete Retaining Walls 

Because there are numerous variables in building conditions, such as slope of grade and 

soil type, there are different types of retaining walls that can be constructed for different 

applications. Figure 1 depicts only a few of the options for retaining wall construction, not all will 

end up being applicable to such a building as the Recreation Center. 

 

Figure 1: Types of Retaining Walls 

A Gravity Wall  is one that is able to resist sliding and overturning simply by how much 

it weighs and what its volume is. The hill leading down to alumni field is so large, the size of the 

building itself is substantial and gravity walls are typically only used in structures less than 10 

feet high. Thus, this option would not be considered in the overall foundation design.  

Similarly, a simple cantilever or T-Type Cantilevered Wall can usually only be used for 

walls up to 20 feet. Depending on the building design and desired depth, this could be employed 

except for the fact that two complete floors are to be incorporated into the space below the top. 

http://en.wikipedia.org/wiki/Image:Retaining_Walll_Type_Function.j


18 
 

There can be a combination, fitting these height requirements and desired architectural design, as 

well. A combination of Anchored Walls and cantilevered may be a plausible option, providing 

enough support for the proposed height of the retaining wall. This relies on the anchoring 

capabilities of the surrounding sub-grade soils or bedrock. 

Because the soil is relatively stable in the WPI campus and surrounding areas, there is 

reason to avoid using Piles as a primary method of foundation and retaining wall design. It is a 

more involved construction process and if it can be avoided, that will speed up the project and 

result in a more cost effective design. Thus, the other type of reinforced concrete retaining wall 

adequate for such a strong grade slope and high wall is the Counterfort Wall . This uses a T-type 

cantilever structure in addition to triangle shaped cross walls. This stiffens the walls while 

providing additional weight for the base. These assisting walls should be spaced on center at half 

the wall-height. This may also prove to be a challenge because these walls would have to be 

rather large and may cut into crucial circulation space. The actual design process will take each 

of these options and some variations to come up with a reasonable and adequate retaining 

structure. 

Other practices kept in mind during the design of the retaining wall structures are that the 

footing should be at least 2 ft. below the grade level or 12 in. below frost line, a drainage system 

and gravel backfill should be present at the base to alleviate water pressure, temperature steel for 

walls more than 10 in. thick, and steel reinforcement with 2 in. clearance in the walls and 3 in. in 

the footing. 

2.4.5 Pool Design 

The new facility will boast a pool of competition size for both swimming and diving. 

Though the pool in our layout is not full Olympic size, it will be designed in accordance with 

NCAA standards for pool dimensions. There will also be a moveable bulkhead for easy 

conversion to international competition lengths. The preferred requirements for the swimming 

section are that the ñracing course should be 75 ft. ï1 in. in length by at least 60 ft. in width, 

providing for not less than eight 7 ft. lanes with additional width outside lanes 1 and 8. A 

minimum water depth of 7 feet is desirable for competition.ò For diving, ñfacility may be 

separated from or incorporated with the swimming pool (Garland).ò  
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 Typical in-ground pools, of both residential and competition size, use ñShotcreteò or 

ñGuniteò construction. This concrete producing pressure hoses to compact and place the concrete 

around reinforcement. The large scale of this particular collegiate pool requires more than simply 

spraying the concrete on grade. A foundation type holding area must be designed to stabilize the 

pool walls against the extreme earth pressure. 

2.4.6 Overall Design Selection 

The selection of design elements, both of the steel structure and concrete foundation, 

depends primarily on the applicable loads previously listed. Because of new technology and 

building options, these loads must now not only include the occupation, service, structural and 

architectural loads, but also loading from building incorporated green technologies. This concept 

is to be discussed in the coming section. 

2.5 Green Building Options and Design Impact 

In this first decade of the 21
st
 Century the world is becoming more and more aware of the 

problems facing Mother Nature; problems we have created by simply using the earth as our place 

of residence. This ignorance of the long term effects is finally catching up and is catching the 

attention of human kind across the world. This is the major reason why, in recent years, the idea 

of ñGreenò building has become such an important development in the industry. This concept 

betters the efficiency by which a newly constructed or renovated building utilizes the resources 

available, both during construction and throughout its life. The overall purpose of this is to have 

a lasting impact on the environment and the human life it helps to sustain. A measure of how 

well a construction project accomplishes this is through an assessment by the Leadership in 

Energy and Environmental Design (LEED) Green Building Rating System designed by the U.S. 

Green Building Council. While this project is mainly structurally focused, it should be noted that 

there are a few aspects of our project that can assist in acquiring LEED Certification points 

through the structural design. 

2.5.1 LEED Certification 

Many private and public institutions are now, since 1998, striving to accomplish a LEED 

Certification as proof of their devotion to lowering the environmental impact of their buildings. 

This model inspires builders in their design practices and also provides healthy competition. This 
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has proven very effective in leading the way towards a more effectively sustainable attitude in 

other industries as well. 

The rating system for new construction and renovations specifically address the 

following major fields: sustainable building sites, water efficiency, energy and atmosphere, 

materials and resources, quality of the indoor environment, and innovation in design process. 

The ratings are performed by a board that grades the building and the manner in which 

construction was executed all on a points-based system. To be certified the project can receive 

anywhere from 26 to 32 points, for a level of Silver-33 to 38 points, for Gold- 39 to 51 points 

and lastly, for Platinum- 52-69 points (Council, 2008). The breakdown is as follows: 

Sustainable Construction Site ï 14 possible points 

Water Efficiency ï 5 possible points 

Energy and atmosphere ï 17 possible points 

Materials and resources ï 13 possible points 

Indoor environmental quality  ï 15 possible points 

Innovation and design process ï 5 possible points 

2.5.2 New Technologies 

In order for the industry to take large steps in the Green Building arena and gain such 

certification, new technologies are quickly being discovered as new ways to lessen 

environmental impact. Along with site sustainable solutions, such as a great amount of material 

and waste recycling and lower machinery emissions, building-incorporated technologies are a 

great way to take advantage of available resources to the fullest. For example, there are 

technologies that allow the control and use of rainwater runoff, there are now ways to block 

sunlight or even harvest it for use, and there is new equipment, such as more environmentally 

friendly chillers, providing for more energy efficient ways to provide occupant comfort.  

Green Roof 

Used on the recently constructed East Hall on the WPI campus, a green roof is a great 

way to regulate runoff to the surrounding areas as well as utilize portions of the grey water for 

sustainable use. The basic design concept behind a green roof system is the use of beds of earth 

matter and vegetation. These beds absorb a large amount of rainwater and instead of it simply 

escaping via gutters and spouts onto the area below, it can be harnessed for use or released 
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slowly over time, to avoid over saturation of the ground below. This oversaturation can cause 

many problems, not only for any surrounding structures and sub-grade construction, but in an 

urban environment, can release toxins from paced areas into the water cycle. The use of this grey 

water can reduce the overall use of public water supply as well have a great long term effect on 

the environment. An example can be seen below in Figure 2. 

 
Figure 2: Green Roof Anatomy1 

 

BIPV and Solar Shades 

Another very popular set of new technologies are those specifically concerning the sunôs 

rays. Building Integrated Photovoltaic (BIPV) is a newly popular use of solar cells. This practice 

can take the form of many different applications, including using solar voltaic roof tiles, 

integrating very thin solar cells into the actual glazing of windows and curtain walls, and even 

simply attaching larger solar panels on the exterior or incorporating them into the masonry. The 

power captured by these units can transfer and store energy in a large battery. This energy can 

later be used to power parts of the building lighting or mechanical system among other things. A 

second example of new technology using the sun is exterior solar shades. These are now being 

                                                           
1 http://www.countyflatroofing.com/images/green-roof-2.gif 
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used worldwide on buildings that have extensive exterior glass curtain walls. The shades, much 

larger than interior blinds, automatically follow the path of the sun, either blocking or letting in 

as much sun as is desired according to the interior temperature controls. Whatôs more, these 

shades can tie entirely into the mechanical system, further helping to control the interior climate 

in a more energy efficient way.  Another, more simple option, would be the polarization of the 

curtain wall itself. These are just a few very interesting new tools that can help the building 

industry work towards a lower environmental impact, and if desired, a much coveted LEED 

Certification (Strong, 2008). 

2.5.3 Design Impact 

The use of Green Building practices are present at all levels and stages of projects sites 

devoted to their use. Because of this, these concepts will come up many times later in the 

development of this project, specifically in the project management and control as well was cost 

estimating procedures. While these options are being considered for construction and 

maintenance of the building, it is important to start with the structural design stages to avoid 

further conflicts with construction. This loading in particular will be a key to determine the 

accurate weight the structural frame must support. Thus, the group will decide on the technology 

to be used and will design the structure accordingly.  

2.6 Preconstruction Activities 

The preconstruction process is a multi-facetted, organized plan of attack starting from the 

design stages through the execution of construction. Excluding the design phase, parts of which 

have been outlined above, the other major activities must be controlled simultaneously in a way 

that allows the project to move forward smoothly and cost-effectively. The ultimate goal for a 

project is to be completed on-time, under budget, and to the best level of quality possible. Three 

of these major processes are the permitting and zone approval, cost-estimation, and project 

management and control. These processes continue into the actual construction of a project and 

therefore must be organized and prepared under constrictions of money and time. 

2.6.1 Permitting and Zoning  

Permitting 

Before construction of a building is started, all the necessary permits must be acquired.  

Permits are designed to insure that all regulations and requirements are met in the initial stages of 
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building to provide health and safety to the community members as well as those involved in the 

project.  All cities have created their own set of guidelines for obtaining the mandatory permits, 

however most cities follow a similar basic step by step procedure: 

  

1.      Submit Application with Drawings and Fees 

2.      Obtain Permit 

3.      Obtain Sub-trade Permits 

4.      Inspections 

5.      Receive Certificate of Occupancy 

  

The city of Worcester follows steps related to these, but requires individuals to go through 

different departments within the city to get a permit.  There are eight different departments, four 

of which will be contacted for permits concerning the new Athletic Facility.  These four 

departments: the Department of Public Works and Parks, the Fire Department, the Inspectional 

Services Department, and the Planning and Regulatory Services, all have different requirements 

and types of permits necessary to start our project.   

Appendix B lists out the steps to obtain the permits (Worcester, 2008). 

Zoning 

As the years go by, the once state-of-the-art facilities become insufficient for modern day 

use. Unless these facilities become part of the historic district, some degree of reconstruction will 

take place to recapture its functionality. While innovative design is encouraged, a set of 

guidelines must be followed in order to ñpromote the health, safety and general welfare of the 

public and to contribute to the implementation of the Cityôs ongoing comprehensive planning 

processò as stated in the City of Worcester Zoning Ordinance which is more simply referred to as 

the Zoning Ordinance. To accomplish this goal, new constructions or renovations must: 

1. Creates and maintains conditions under which people and their environment can fulfill 

the social, economic and other needs of present and future generations; 

2. Facilitates the adequate and economic provision of transportation, water supply, drainage, 

sewerage, schools, parks, open spaces, light and other public requirements; 

3. Encourages the creation and preservation of housing of such type, size and cost suitable 

for meeting the current and future needs of the City; 
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4. Protects against: overcrowding of land; air and water pollution; use of land incompatible 

with nearby uses; undue intensity of noise; danger and congestion in travel and 

transportation; and loss of life, health, or property from fire, flood, panic or other 

dangers; 

5. Protects natural resources as well as the scenic and aesthetic qualities of the community; 

6. Promotes the preservation of historically/architecturally significant land uses. 

 

With a set of rules to be followed, detailed in the Zoning Ordinance, all designs permitted by 

the city would be confined to the list of objectives above and thus together achieving the greater 

goal of further development of the City of Worcester. 

 As a university, Worcester Polytechnic Institute, under the zoning district of 

ñInstitutional District,ò falls under the category of ñInstitutional, Educationalò or labeled as ñIN-

Sò (See Appendix C). With a classification of educational institutions, City of Worcester 

mandates that all structures are required to be placed fifty feet away from the property line
2
. In 

terms of structures constructed between fifty-one and one hundred feet, the limitation of the 

abutting
3
 zoning district shall be in effect. Beyond one hundred feet, no height limitation is in 

place. 

 The purpose of the Zoning Board of Appeals (ZBA) is to provide the ability for work to 

be done outside the confines of the zoning ordinance subjected to approval. Their duties include 

appeals, special permits, variances, and pre-existing nonconforming uses (Worcester, 2008). 

2.6.2 Cost Estimating 

Cost estimating spans a project from the original request for plans (RFP) to the 

completion of a final budget. Simply stated it is an actual estimation of the cost of materials and 

labor for a given construction undertaking. In the beginning stages, cost estimating serves as a 

projected budget, is continued as value engineering and change orders are brought forth or 

requested by the architect or client, and then it is used to come up with the final cost of the 

                                                           
2 The property line shall be defined as the exterior boundary line of the Institutional property, as recorded on the 

deed, which separates the Institutional property from adjacent properties or streets. 

3
 Abutting ς Having a common border with, or being separated from such common border by a right of way, alley 

or easement. 
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project. For this project it will be most beneficial to understand the initial stages of the process, 

the actual cost estimation of materials used.  

This MQP mainly focuses on the structural design of the foundation and superstructure 

for the new facility. In such a case, cost estimating will serve to give an idea of what the amount 

of materials, whether concrete, steel reinforcement, or hot-rolled steel, will cost overall. The 

method for doing this will be further discussed in the methodology section.  

2.7 Execution 

Because this project focuses mainly on the structural design aspects of a large project, 

WPI Recreation Center, there will not be much focus on the actual execution of construction, 

besides the practice of some cost estimating skills. Though this is the case, it is important to 

recognize that the construction of such a project is a culmination of all the things previously 

discussed in the background section. No foundation would be constructed if the footings were 

not first designed, the materials chosen, procured, and the labor scheduled. No superstructure 

would be built to house and support the new facility if no members were analyzed, designed, 

procured, an connections were not designed and welded, labor not scheduled and steel not 

fireproofed and prepped for fit-out. All these aspects, design, management and construction all 

work in a balance to best produce a creation first envisioned by the client and architect.  
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3.0 METHODOLOGY  

3.1 Loads 

3.1.1 Dead Loads 

 Similar to the live load, the dead load values used were found in the ASCE loading 

manual as well as in the Mass Code. Other calculations were used to apply this information to 

the geometry/quantity of each material used. 

 Because a majority of the building will have exposed ceilings and duct work, and because 

the allowance for duct work is negligible, we have not included these values in the design. The 

dead load that has been included is as follows. 

Concrete:   (density = 150 pcf) 

Á Interior slab = 4ò thick x 150 pcf  Ą 50 psf 

Á Lounge roof slab = 7ò thick x 150 pcf Ą 87.5 psf ** 

Á Lobby roof slab = 5òthick x 150 pcf Ą 62.5 psf 

**Lounge roof slab will be changed to 5 in. 

Beam Weight:  Depends on member design and selection. 

Exterior Curtain Wall: (based on the following assumptions) 

Á All members designed for masonry curtain wall 

Á All curtain walls are one wythe deep, running bond. 

Á 7 bricks per square foot with a weight of ~6 lbs. each 

Á The area carried per member is the height of wall above the girder multiplied 

by the span. 

Á The wall load is transferred uniformly along the center of the girder 

Á Final load å 42 psf 

 

3.1.2 Live Loads 

To obtain the values for live load we referenced both the ASCE Minimum Design Loads 

for Buildings and Other Structures as well as the Massachusetts Code. The following is an 

outline of the Live loads used in the design of the horizontal members of the facility. 
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Interior: 

Á Gymnasium/Fitness Center Space: 100 psf *  

Á Corridor: 100 psf 

Á Office Spaces: 50 psf 

*This loading was used in the majority of analysis for interior supporting members. The main 

building was conservatively designed entirely using this load.  

 

Exterior/Roof: 

Á Green Roof: 115 psf 

Since the construction of a green roof did not require structural calculations, this section 

instead discusses how a green roof was put together. Starting from the bottom, an insulating 

layer, waterproof membrane layer, root barrier layer, drainage layer, water retention layer, filter 

fabric layer, soil mix layer, and plant layer together made up the eco-roof design. The insulating 

layer prevents heat transfer between the interior and exterior of the building. The waterproof 

membrane layer would stop liquid from penetrating the roof and creating moisture damage to the 

interior of the building, including the structural members. The root barrier layer limits the growth 

of the roots from the plants above so that the waterproof members below would not be under 

stress. The drainage layer carries away the excess water to avoid ponding, which might have 

exceeded the weight restriction for the structural frame. The water retention layer provides a 

collection zone of water for the plants on top. The filter fabric layer prevents fine particles from 

being washed out of the roofing system, which ensured overall efficiency with the roof. The soil 

mix layer was specially created for eco-roofs. Its lightweight material reduces loading on the 

roof structure. Lastly, the selection of plants as the top layer stabilizes the lower layers of the 

eco-roof (Kibert, 2007). At the same time, it also creates an environmentally friendly atmosphere 

for the building. An extensive green roof, designed to be low maintenance, is usually not 

accessible for the public since they range from 15 psf to 50 psf for design dead loads. On the 

contrary, an intensive system is designed to create an actual roof garden on top of buildings. 

Since their design dead loads range from 80 psf to 150 psf, they provide accessibility for the 

public. For our structural design, a roof system of 15 inches, including all the parts mentioned 

above, was chosen. This meant that the dead load would translate into 115 psf. 
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3.1.3 Snow Load 

 The following procedure is for snow load, in Worcester, on a flat roof (American Society 

of Civil Engineers, 2006). 

1. Snow Load = Pf = 0.7 CeCtCIPg 

2. Determine ground snow load- Pg (State Publications and Regulations Division, 2008) 

a. 55lb.ft
2 
(900) 

3. Table 7.2 to solve for Ce 

a. Determined that -terrain C 

b. Determined that -fully exposed 

c. Therefore Ce=0.9 

4. Solve for thermal factor 

a. Ct = 1.0 

5. Solve for importance factor I 

a. Using Table 7.4 and 1.1 Ą Category III 

b. I = 1.1 

6. Consider partial loading Ą n/a 

7. Consider snow drifts on lower roof if hc/hb Ó 0.2 Ą n/a 

8. Consider roof projections Ą n/a 

9. Consider ponding 

10. Ultimate Snow Load = Pf = 0.7 x 0.9 x 1.0 x 1.1 x 55lb/ft
2
 

3.1.4 Wind Load 

On top of live and dead loads supported by girders and columns, structural members are 

also exposed to natural factors like wind load. Depending on the height of the building, the effect 

of wind can become a major contributor when dealing with load combinations. All of the factors 

and the design process are detailed in Appendix D and the zones are explained by ASCE figure 6-

17 (American Society of Civil Engineers, 2006). 
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3.1.5 Seismic Load 

 From table 1-1 ( (American Society of Civil Engineers, 2006), occupancy for athletic 

facility is category 3 

 SDS= design spectral response acceleration parameter at short periods 

o SDS= (2/3)*SMS = (2/3)*0.25 = 0.167 

o SMS= Fa*Ss = (1.0)*(0.25) = 0.25 

Á Fa = site coefficient 

Á Ss = mapped MCE Spectral response acceleration at short periods 

o USA is site class B 

Á From Figure 22-1, Ss = 25% seismic activity, which is 0.25 

Á From table 11.4-1, when Ss = 0.25, Fa = 1.0  

 SD1 = design spectral response acceleration parameter at a period of 1s 

o SD1= (2/3)*SM1 = (2/3)*0.06 = 0.04 

o SM1= Fv*S1 = (1.0)*(0.06) = 0.06 

Á Fa = site coefficient 

Á S1 = mapped MCE Spectral response acceleration at short periods 

o USA is site class B 

Á From Figure 22-2, S1= 6% seismic activity, which is 0.06 

Á From table 11.4-2, when S1 = 0.06, Fv = 1.0 

 From table 11.6-1, seismic design for athletic facility is category B when SDS Ó 0.167 

o Redundancy factor rho (p) = 1.0 due to seismic design category B 

 From table 12.2-1, athletic facility will be an ordinary steel moment frame 

o Overstrength factor (Ýo) = 3 

 Determined load combinations for strength design (LRFD) 

o (1.2 + 0.2SDS)D + pQE + L + 0.2S 

o (0.9 ï 0.2SDS)D + pQE + 1.6H 

 Determined load combinations for strength design with overstrength factor (LRFD) 

o (1.2 + 0.2SDS)D + Ýo QE + L + 0.2S 

o (0.9 ï 0.2SDS)D + Ýo QE + 1.6H 

 QE = effect of horizontal seismic forces from V 

o V = Cs*W = 0.06*W 

Á Cs = seismic response coefficient 

Á W = effective seismic weight 

o Cs = SDS/(R/I) = 0.167/2.8 = 0.06 

Á R = response modification factor = 3.5 from table 12.2-1 

Á I = occupancy importance factor = 1.25 from table 11.5-1 

o Cs value must not exceed Cs = (SD1*TL)/(T^2*(R/ I)) = (0.04*6)/((18)^2*2.8) = 

2.65 

Á TL = long period transition period = 6 from Figure 22-15 
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Á T = fundamental period of the structure = Ct*hn^x = 

0.0724*(82*12)^(0.8) = 18 

 Ct  and x = approximate period parameters = 0.0724 and 0.8 

 

Load Combinations using Strength Design (LRFD) 

1. 1.4(D+F) 

2. 1.2(D+F+T) + 1.6(L+H) + 0.5(Lr or S or R) 

3. 1.2D + 1.6(Lr or S or R) + (L or 0.8W) 

4. 1.2D + 1.6W + L + 0.5(Lr or S or R) 

5. (1.2 + 0.2SDS)D + pQE + L + 0.2S or (1.2 + 0.2SDS)D + Ýo QE + L + 0.2S 

6. 0.9D + 1.6W + 1.6H 

7. (0.9 ï 0.2SDS)D + pQE + 1.6H or (0.9 ï 0.2SDS)D + Ýo QE + 1.6H 

 

3.1.6 Roof Loads   

With the other load calculation complete, the roof load can then be determine using the 

combination of the relevant calculated loads (live load, dead load, wind load, snow load, and 

roof live load). After studying which of the loads will play a part in the roof design and when all 

of the different load combinations are accounted for, the equation which yields the highest force 

will be the critical load case for roof load. In our particular case, because of the different wind 

load zones on the roof, our roof load is divided into 3 different parts. Refer to wind load for the 

location of each zone (American Society of Civil Engineers, 2006). 

 

Zone 1 = 1.2(D) + 1.6(S) + 0.8 (W) = 182.91 psf 

Zone 2 = 1.2(D) + 1.6(S) + 0.8 (W) = 196.03 psf 

Zone 3 = 1.2(D) + 1.6(W) + L + 0.5(S) = 210.27 psf 
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3.2 Structural Member Design 

3.2.1 Beams 

Determining Beam Size 

To design the beams within our structure, we started by designing a sample girder with 

beams spaced at multiple distances to determine the appropriate spacing of beams per bay.  With 

a majority of the bays in our building being 25 x 30 ft. we discovered that a beam spacing of 5 ft. 

was best.  Other values that we had to fill in to solve for the max load were: 

 

The density of concrete: 150 lb/ft3 

Our beam span (L): varies 

Live Load: varies 

Slab thickness: 7 in. roof, 5 in. for the green roof & 4 in. everywhere else 

 

Once these values were determined we solved for the Slab weight: 

 

Slab weight= Concrete density * Spacing * Slab thickness 

 

After solving for the slab weight we estimated a value for the weight of the beam and 

added that to the slab weight to find Wd.  The WL was determined by multiplying the live load 

by the tributary width which was equal to the spacing.  With these values multiple load 

combinations were used to determine the governing Wu value, which for all of the beams was: 

 

Wu = 1.6WL + 1.2Wd 

 

After Wu was solved for we were able to solve for the max moment: 
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Using the steel Manual with 50ksi steel, a beam size was selected where the ʌbMpx > 

Mu.  Once the beam was selected the process above was repeated with the actual beam weight to 

check that ʌbMpx remained greater than Mu (McCormac, 2008).   

Check for shear 

To check shear the following equation was used: 

 

Vu = Wu *  

 

Checking that ʌvVn from the steel manual was > Vu 

 

Check for Deflection 

To check deflection we solved for the max permissible deflection which is equal to: 

   for members supporting the roof and       for all other members 

 

The actual deflection was solved for by using the expression below: 

 

 

 

A majority of our beams failed the deflection test because the actual deflection was greater than 

the permissible deflection.  As a result we used the following equation to solve for the required Ix 

value needed to meet the deflection requirements: 

 

   

  

Once a new beam was selected the above process was repeated to check the moment and shear. 

Appendix E displays a sample of a beam calculation (McCormac, 2008).   
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3.2.2 Girders 

Interior Girder Design 

As with the beam design procedure, we started with a sample calculation. From this we 

created a comprehensive spreadsheet to design for the girder sizes based off the known 

information. 

Girders carrying beam loads and uniform dead load: 

First, the beam loads supported by the girder had to be turned into point loads. To do this 

we took the Wu from the appropriate bay/beams already designed and multiplied that by the 

tributary area the girder was meant to support. The tributary area varied in different zones where 

some areas were open to the floors below. In such a case, only one side, or half, the tributary area 

was used to find the point loads. These point loads were then multiplied by the number of points 

at which they met the girder and then added to the factored dead load. 

The next step was incorporating the dead load. This uniform load, for the interior girders, 

was simply the weight of the girder itself.  

Thus, we were able to find the maximum moment using the resulting Fy1 and Fy2 values 

by summing the areas under the shear curve. This then allowed us to determine a sample beam 

size. 

The next steps were the shear and deflection checks. See the beam design section above 

as the girder tests follow the same procedure. 

Girders not carrying any point loads: 

We found that some girders acted like beams. These members followed the same 

procedure for determining the size of beams. Appendix F shows a sample girder calculation 

(McCormac, 2008). 

Exterior Girder Design 

 In designing for the exterior girders both of the above cases were found: girders 

supported dead load and point loads, as well as girders that act as beams. The main difference in 

design for these members was that one must take the dead load of the exterior curtain wall into 

account and must also check the effects of wind load on that wall bay. 

 To design the exterior girders supporting interior point loads as well as the curtain wall, 

the procedure was relatively the same. Because it was assumed that the curtain wall area above 
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the member was transferred uniformly to the girder, it could be treated as an addition to the dead 

load provided by the beam weight. To check for wind load, the strength of the 50 ksi steel was 

compared to the total shear added to the stresses applied to the bottom flange of the girder by the 

wind load (Fw). 

 The other exterior girders were broken down into two categories; those that carried the 

curtain wall and one half their tributary area of slab weight and those that solely supported their 

self weight and exterior curtain wall. Both, in the instance, were calculated like beams, but also 

included the check for wind load. The design of the girders that carried only their self weight and 

curtain wall were controlled mainly by deflection (McCormac, 2008). 

3.2.3 Columns 

Once the beams and girders had been selected, the next step in the structural design was to 

calculate proper sizes for columns to support the weight expected to be experienced. By first 

determining the maximum shear transferred to each column of each floor from beams and 

girders, we obtained a basic limitation for the minimum allowable strength each column must 

endure. After finding out the minimum strength needed, the next step was to choose an 

appropriate W-shape section that would satisfy the requirement, with consideration of the 

effective height. Lastly to ensure the design is proper, frame analysis was done to double check 

axial and bending stress exerted on each column. The steps for column design are shown below 

and the calculations can be seen in Appendix G (McCormac, 2008). 

1.  Determine Axial Load Pu from all girders being supported by the column in question  

2. Find estimate required area by: Pu/ ʬcFcr, assume ʬcFcr = 37.5 to start. 

3. Select trial column based on estimated required area. 

4. Look up ry from AISC Table 1-1 for selected column. 

5. Calculate (KL/ry) to find true ʬcFcr value. 

6. Calculate available strength ʬcPn, where ʬcPn = ʬcFcr x Cross section Area of column 

(from AISC Table 1-1) 

7. Compare ʬcPn to Pu to verify weather column selected can support predetermined loads. 
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3.2.4 Trusses 

Select Sample Truss Configuration for the Roof 

In order to determine what type of truss to design for our buildingôs roof, we had to first select a 

configuration that would support our roof load combination. We began researching different 

styled trusses and decided on a flat roof truss known as the Warren Configuration (See Figure 3). 

 

Figure 3: Basic Roof Truss Design 

 Solve Member Forces using Method of Joints 

Once our truss configuration was chosen, we began solving for the member forces using 

the method of joints (see Appendix H). We solved the reaction forces of the entire truss first by 

applying the roof loads as distributed loads. This was followed by solving the unknown forces at 

each joint, taking into account the roof loads at each individual joint. Once the unknown forces 

had a value, we were able to solve for all the member forces of the truss (Hibbeler, 1985).  

Solve Member Forces using RISA 2D 

Once the truss was designed using the method of joints, we checked our values by 

creating our truss as a 2D model in RISA 2D (See Figure 4). We first established an appropriate 

grid for our truss in order to account for each joint. Next, we selected the appropriate units to 

have our member forces solved with as well as the right global parameters. Once this was 

established, we went ahead and created the joint and member labels for our truss. This was 

followed by setting the correct boundary conditions for the truss along with the basic load 

combinations (BLC). After the BLC were placed, we created the load combinations acting on our 

roof and the individual loads acting at each joint accordingly. We then solved the truss and 

observed our data (See Appendix I).  
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Figure 4: RISA 2D Roof Truss Design Sketch 

Select Sample Truss Configuration over the Pool 

Since we already determined the type of truss to use for our buildingôs roof, we 

determined that using the same type of truss for our pool would be more than adequate (See 

Figure 5). The loads exerted on the pool truss would be smaller than the loads exerted on the roof 

truss, allowing us to design the pool truss to be smaller. Once our pool truss was solved, we then 

analyzed our data (See Appendix I). 

 

Figure 5: RISA 2D Pool Truss Design Sketch 

3.2.5 Bolted Connections 

Sample Truss Connection 

Our trusses for both the roof and pool consisted of a bolted connection that joined the 

tubular shaped members with the wide flange members. By using this bolted connection, we 

ensured that our trusses would not resist any moment forces, as they would if a welded 

connection was selected. As for what typed of bolted connection to use, we conducted a sample 
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calculation of a bolt connection using two plates, known as a butt joint, and determined that this 

design was suitable to use for the forces exerted on both trusses.  

The procedure for the sample calculation of the two plate bolt connection consisted of the 

following (McCormac, 2008): 

 

Select Type of Bolts to use 

For Tubular shaped member: 

 Axial force (Pu) = 325.2 K 

Diameter = 8.63 in. 

2 plates will be ½ in. thick on each side 

Try using 7/8 in. diameter A325 Bolts 

  

Determine Bearing Strength of one Bolt 

Clear Distance (Lc) = lesser of 2- (chosen bolt diameter + 1/8 bolt clearance)/2  

Or 

3-2*(chosen bolt diameter + 1/8 bolt clearance)/2 

Lc = 2-(7/8 + 1/8)/2 = 1.5 in. 

Or 

3-2*((7/8 + 1/8)/2) = 2 in. 

Rn = 1.2*Lc*t*Fu Ò 2.4*d*t*Fu 

Rn = 1.2*1.5*8.63*58 = 901 K Ò 2.4*7/8*8.63*58 = 1051 K 

 

Determine Shearing Strength of one Bolt 

Rn = Fn*Ab (area of 7/8 in. bolts) = 60*(2*0.6) = 72 

ū = 0.75 

űRn = 0.75*72 = 54 K 

 

Determine Number of Bolts required 

# Required = Pu/űRn = 325.2/54 = 6.02 
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Use 7-7/8 in. Bearing Type A325 Bolts 

(Please see Appendix J for original sample calculation document) 

3.2.6 Sample Frame Connection 

The frame connection for our building consisted of a bolted connection that joined the 

girders with their respective columns. Using this approach helped limit the moment forces acting 

upon each floor of the building. The type of bolted connection we decided to use was the: single 

plate shear connection. Through a sample calculation, we determined just how many rows of 

bolts, plate sizes, fillet weld sizes, and bolt sizes we needed to account for the forces acting on 

our girders and columns (McCormac, 2008).  

The procedure for our sample calculation was as followed: 

 

Establish Parameters 

Look at W8x28 column with a W16x26 girder located on the first floor 

Try using ¾ in. A325-N high strength bolts and E70 electrodes 

Fy = 36 KSI for plate 

Fu = 58 KSI for plate 

Fy = 50 KSI for column and girder 

Fu = 65 KSI for column and girder 

*Column provides rigid support; begin with 4 rows of bolts, ¼ in. plate, and 3/16 in. fillet welds 

(Taken from AISC Manual Table 10-9(a) 

 

Determine Load Combination acting on the Column and Girder 

RD = tributary area * [concrete slab thickness*weight of concrete*on-center length + weight of 

steel] 

RD = 30 ft. * [(5/12)*150*25+26] = 47.7 K 

RL = live load * bay area = 50*(30*30) = 45 K 

Ru = 1.2*(47.7) + 1.6*(45) = 129.24 K 

 

Check Design from AISC Manual Table 10-9(a) 
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űRn = 52.2 K < 129.24 K  N.G. 

*Try 8 rows of bolts, 5/16 in. plate, ¼ in. fillet welds, 7/8 in. A325-N high strength bolts and E70 

Electrodes 

űRn = 131 K > 129.24 K   OK 

Use 8 rows of bolts, 5/16 in. plate, ¼ in. fillet welds, 7/8 in. A325-N high strength bolts and 

E70 Electrodes 

(Please see Appendix K for original sample calculation document) 

3.2.7 Frame Analysis 

Apply appropriate Wind Loads for each floor 

In order to ensure that our frame analysis for our building was accurate, we first 

determined how much load the wind was placing on each floor. Since our floors were not the 

same height, the wind loads for each floor varied. Therefore, we took the wind loads of the 

appropriate zoning for our building, multiplied it by the tributary area of the corresponding floor 

bay, and then multiplied the resultant by the tributary area of each floor. Since each floor bay is 

30 x 30 ft, the wind loads for each floor on the long-side of our frame were the same as the short-

side of our frame (Hibbeler, 1985). 

 

Solve the Reaction Forces of the Frame (Long-Side and Short-Side) using the Portal Method 

With the wind loads for each floor in place, we began solving for the reaction forces of 

our frame by using the Portal Method (See Appendix K) .We first placed hinges at the centers of 

both the columns and the girders of our frame. Then we solved for the column shears of each 

floor, starting with the top floor. Once we obtained those values, we analyzed each part of the 

frame, starting with the top corner segment of the top floor, followed by the segments across 

each floor until finally reaching the base columns of our building (Hibbeler, 1985). 

3.3 Foundation and Concrete Design 

3.3.1 Footings 

To determine the footing size that would be necessary for our foundation we added up the 

total load from each of the five floors that acted on each specific column to find the total factored 

load.  We began by choosing a sample load that we had and plugged the load into a spreadsheet 

which can be seen in Appendix L. (Coduto, 2001) By using the spread sheet we were able to 
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estimate the size of one of our footings needed and multiply that by the number of footings we 

had.  We determined that the total area of the footing was less than 50% of the area of the floor 

of the building.  Therefore it was appropriate to use spread footings as opposed to a mat 

foundation.  Once we determined that we would use spread footings we solved for the size of the 

footings based on three different size loads.  Footings were designed for loads from 0-372 kips, 

loads from 373 kips-758 kips and loads from 759 kips-934 kips.  Based on these loadings we 

carried out the following steps to determine the size of the footing and type of reinforcement 

necessary (Brown, 1996); (Coduto, 2001).  The steps are shown below and the calculations can 

be seen in Appendix M. 

1. Estimate the depth of column, h, to be 1 to 2 times the column dimension 

2. Solve for the allowable net soil pressure qnet  

qnet=allowable bearing pressure ï(weight of footing + soil + floor + floor load) 

3. Solve for the required area to find footing dimensions 

Required Area=          for a square footing take the square root of the req. area 

4. Solve for the factored net soil pressure 

qnu=  

5. Two-way Shear Check (punch) 

Solve for d= h ïconcrete cover ïbar diameter 

Concrete cover is taken to be 3in and bar diameter as 1in 

 

 

  

   

       b0=perimeter of critical section- d/2 from face of column 

               d=depth at which reinforcement is placed  
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  4               Bc=ratio of long side to short side of column 

             as=40 for interior columns, 30 for edge, 20 for corner 

  To check shear: 

            with  =0.85 

6. One-way Shear Check 

  

  

   

            with  =0.85 

7. Design flexure reinforcement 

  

  

    Assume (d-a/2)= 0.9d 

   

  (As)min=0.0018bh 

 Choose bars such that As>(As)min 

 

Mn=Asfy(d- ) 

Mn      with  =0.85 

 

8. Check the development length 

 




