
Project Number: MQP-GCC 
LEC - AASC 

GATEWAY CAMPUS CENTER 

A Major Qualifying Project 

Submitted to the Faculty 

of the 

WORCESTER POLYTECHNIC INSTITUTE 
in partial fulfillment of the requirements for the 

Degrees of Bachelor of Science in Architectural Engineering 
and Bachelor of Science in Civil Engineering 

By: 

______________________________________ 

Zachary Harmony 

______________________________________ 

Erin Murphy 

______________________________________ 

Jillian Proulx 

______________________________________ 

Jeremy Soderholm 

 Approved: 

_________________________________ 

Professor L.D. Albano, Advisor 

_________________________________ 

Professor L. Cewe-Malloy, Advisor     

_________________________________ 

Professor K. Elovitz, Advisor 
This report represents work of WPI undergraduate students submitted to the faculty as evidence of a degree 
requirement. WPI routinely publishes these reports on its website without editorial or peer review. For more 
information about the projects program at WPI, please see http://www.wpi.edu/academics/ugradstudies/project-
learning.html



Abstract 
This project presents the design of a Campus Center for Gateway Park. The team 

developed architectural, structural, mechanical, and fire-protection plans that met building code 

and provided a cost-efficient solution, fitting the requirements of WPI’s Master Plan. The team 

focused on understanding how a building is designed while exploring the relationship between 

architecture and the engineering components of design.   
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Licensure Statement 
 Professional licensure is an important distinction for an engineer. Earning licensure is a 

stringent and demanding process meant to protect the public by ensuring that all design is 

examined by a competent, educated, and qualified Professional Engineer. Not all engineers 

become licensed due to exemptions which allow an individual to work under a Professional 

Engineer. However, obtaining a professional engineering license provides many benefits and 

opportunities (NCEES, 2015). 

 In the United States, the steps to achieve engineering licensure vary slightly by state. The 

general process requires four steps defined by the National Council of Examiners for 

Engineering and Surveying (NCEES). The first step is to graduate with a degree in engineering 

from an Accreditation Board for Engineers and Technology (ABET) accredited program. ABET 

is an organization that ensures “a program meets the quality standards that produce graduates 

prepared to enter a global workforce.” (ABET, 2016). Upon graduation the aspiring Professional 

Engineer must pass the Fundamentals of Engineering (FE) exam administered by the NCEES. If 

this exam is passed the aspiring Professional Engineer earns the title of Engineer in Training 

(E.I.T). The E.I.T. then needs to acquire work experience under a licensed Professional Engineer, 

to learn the acceptable practices of a Professional Engineer. Typically four years of work 

experience under a Professional Engineer are required; however, the required length of work 

experience varies by state, and in some states can be shortened by other methods, such as earning 

a Master’s degree. Once the E.I.T. has acquired this work experience, the final step towards 

becoming a Professional Engineer is to pass the Practice of Engineering (PE) exam. After this 

exam is passed the individual may apply for a professional engineering license in the state they 

plan on practicing (NCEES, 2016).  

Becoming a Professional Engineer uniquely allows the individual to stamp and seal 

designs, be principal of a firm, perform consulting services, and bid for government contracts. 

The requirement of licensure for these opportunities means that those engineers who do not 

attain licensure do not have nearly the same advancement opportunities as a Professional 

Engineer (NCEES, 2016). 

A professional engineering license is meant to ensure that the work for a project meets all 

the design, safety, and ethical requirements of the applicable codes. This license ensures the 

quality and sustainability of a project, as well as safeguarding the public from inadequate and 
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dangerous designs and practices. Due to the stringent requirements of obtaining a professional 

license, any individual who becomes a Professional Engineer is immediately recognized as a 

capable and respectable engineer. However, to maintain licensure, the Professional Engineer 

needs to ensure that they continue to maintain ethical practices and that all their future designs 

are code compliant (NCEES, 2016). 

Construction on this project could not start without the approval of a Professional 

Engineer. All the drawings and specifications for this project would need to be reviewed, and the 

drawings would need to be stamped and sealed by a Professional Engineer before construction of 

the building could be performed. Due to this requirement all projects rely on the approval of a 

Professional Engineer (NCEES, 2016).  
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Capstone Design Statement 
This Major Qualifying Project focused on the design and analysis of a Campus Center in 

Gateway Park off Route 290 in Worcester, MA. A variety of related coursework prepared this 

Major Qualifying Project team for the necessary engineering work. This capstone design 

experience is an important stepping stone between school and becoming a professional engineer. 

It allowed for the application of previously learned skills to aid in the design of a building while 

also conforming to applicable building codes and engineering standards. The project contained 

architectural, structural, mechanical, and life safety design and addressed many real-world 

constraints including code and zoning restraints. Other constraints that were addressed included: 

Health and Safety 
A risk assessment and fire protection analysis was completed. This included both active 

and passive fire protection system designs and alternatives, which were designed using the 

International Building Code and NFPA 101 Life Safety. Structural engineering and zoning 

provisions also reflected health and safety requirements by following the provisions of the 

International Building Code and Massachusetts Building Code.  

Environmental 
Gateway Park is known to have contaminated soil from previous industrial use, which 

classifies it as a brownfield development. Hazardous waste and toxins need to be removed from 

the soil, which requires a safety level for specific occupancies. This constraint impacted the 

LEED certification considerations.  

Economic 
Different structural, mechanical, and fire protection alternatives were developed and 

analyzed. A cost estimate was completed to compare and contrast the feasibility of each design 

alternative in each area of design. 

Constructability and Manufacturability 
This building was designed by studying various systems to determine the best option. 

This was done to ensure the building’s feasibility in regards to the materials used, the cost 

associated with the selected systems, and the building’s overall size, height, and layout. This 
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ensured that the building would be constructible in the built environment. This was done by 

primarily referencing the different sections of the International Building Code.  

Ethics 
Engineers assume a role of responsibility that requires high standards of honesty and 

integrity. In this project, we followed the NSPE Code of Ethics. Under the professional 

obligations, we strove to serve public interest at all times, acted as loyal agents for the client 

(WPI), and hold paramount the health, safety and welfare of the public. We have ensured that all 

aspects of the building meet the specifications of the building and professional codes. 

Sustainability 
LEED, or Leadership in Energy and Environmental Design, is a rating system for a 

building design’s environmental consciousness and efficiency. In this project, the most current 

version of LEED, v4, under the Building Design and Construction category, LEED BD+C: New 

Construction was considered. Through different mechanical, daylighting, and architectural 

systems, we designed this building to achieve the level of LEED Silver. 

Social 
Currently, very little student life occurs in Gateway Park. The purpose of the building 

was to bring more students to this developing part of WPI’s campus. To do this, the building was 

designed to combine student life with administration, providing this area of campus with new 

social opportunities. 
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Executive Summary 
As WPI’s campus continues to expand beyond Tech Hill, students and faculty require 

more spaces for resources and recreation. WPI’s Master Plan for Gateway Park, an expansion of 

the main campus, includes adding a new building to the site at 1 Concord Street. WPI President 

Laurie Leshin addressed WPI’s expansion and community presence in her inauguration speech, 

where she discussed WPI’s role in impacting others on a global scale. She proposed changing the 

Institute’s motto from “Theory and Practice,” to “Theory, Practice, and Impact.”  

The purpose of this project was to create a useable and feasible space for students and 

faculty to gather. To create a cohesive space, a multidisciplinary team was necessary. The team 

was composed of two Architectural Engineers with a structural concentration, one Architectural 

Engineer with a mechanical concentration, and one Civil Engineer with a structural design 

concentration. Additionally, one of the Architectural Engineers with a structural concentration 

was in the process of pursuing a Master’s Degree in Fire Protection Engineering, which greatly 

assisted in the design development phases. Each member contributed to the design with their 

various skills and experience.  

To address the needs of WPI, the team determined its project goals: 

1. Understand how a building is designed and coordinated 
2. Develop an architectural design with energy analysis 
3. Develop a structural design and analysis 
4. Develop a mechanical design and building analysis 
5. Develop a fire protection suppression system design 
6. Develop a cost analysis 

Architectural Design 
            The architectural design of the Gateway Campus Center sought to meet WPI’s needs 

while exploring the relationship between engineering and architecture through “Impact”. The 

building was designed as a physical representation of a structural analysis graph, showing a force 

acting on a plane and the resultant diagrams. This use of graphical elements allowed the team to 

explore structural limitations and how they affect or restrict architecture.        

To fulfill these goals, the team designed two separate buildings to meet the purposes of 

both the student and faculty populations. The two buildings, titled the Student and 

Administration buildings, were joined by a tower in the middle, creating the Institute’s third 

tower of Impact. The Gateway Campus center was placed in a highly trafficked area, and its 
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presence would have lasting effects on both the WPI community and the Greater Worcester 

community.   

The building program was divided by usage. The Student building housed larger spaces, 

used for gathering and recreation. On the first level, this included a lounge, dining area and 

kitchen spaces, and loading dock. The second level featured a game room, tech suites, and video 

game tech suites. The third level included a gym, dance studio, and locker rooms. The 

Administration building sought to create collaborative spaces for both student and faculty usage. 

The first level featured a small convenience store, coffee shop and seating, and lounge spaces. 

On the second floor, small administrative offices and conference rooms were designed. The 

basement floor included more tech suite spaces, as well as a fireplace lounge, and access to the 

outdoor patio.  

Many programs were used in design development to create the Gateway Campus Center. 

Google SketchUp was utilized in the early design process to create a site model and massing 

model of an early design proposal. AutoCAD was then used to create more specific sizing for the 

building and to place a structural grid and develop early room placement. From AutoCAD, the 

plans were exported to Revit, where room locations were finalized and elevations, sections, and 

3-dimensional views could be developed. An additional program was Rhinocerous 3D, a design 

software that allowed for versatile design development for the Tower. This model was later 

placed into the Revit Model.  

Structural Design 
 The structural design for this project required the design of two separate systems. Types 

of loads considered for the project included gravity loads and lateral loads. A braced frame was 

used for the lateral system, which prevented building sway. The braced frame allowed an ideal 

balance between cost efficiency and the least impact on the interior flow of the building. Due to 

the unique configuration of the braced frame in the building, it became important to understand 

how the braced frame would react under lateral loads early in the design process. Ram Frame, a 

program created by the company Bentley, was used to understand the behavior of the brace wall. 

This program was also used to size the brace wall members and to determine the overall building 

sway due to the lateral loads.  

 The gravity system used for this project was partial composite beam and slab. This 

system utilizes a concrete slab placed over a composite steel deck supported by steel beams. An 
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unshored construction approach was used to reduce the required construction time, while still 

maintaining reasonable member sizes and costs. The design process followed the load path. First, 

the required floor slab properties were determined based on the defined design loads. The partial 

composite, beams and girder were then designed to support the slab and decking. Next, the 

columns were designed to transfer the load from the structural framing to the foundation. One of 

the major concerns for this project was controlling the vibrations caused by the elevated gym. 

This was done by increasing the stiffness of the structural framing supporting the floor in 

accordance with guidelines published by the American Institute of Steel Construction. 

 The foundation system for this project utilizes reinforced concrete due to its cost 

efficiency and durability. This foundation system transfers the load from the columns to the soil. 

Concrete piers and spread footings are located under each column. For the portion of the building 

with a basement, cantilevered retaining walls were designed to resist the lateral force of the soil. 

In the part of the building without a basement, foundation walls and strip footings were used to 

reach the four foot depth required for frost protection. 

Mechanical Design 
The mechanical design of this building required the design of two separate and distinct 

systems. For the Student building, a traditional VAV system was selected with the use of a 

system selection matrix. The decision matrix took into account several important design criteria 

identified by the owner and other important parties. Additionally, the spaces of the Student 

building were much more conducive to VAV due to the large requirement of supply air.  

Peak cooling and heating loads were calculated in reference to the building’s orientation, 

thermal properties and locational factors. A central air handling unit was designed for the 

Student building using the peak mechanical load on a room by room basis. The rooftop 

equipment was sized and selected. Comprehensive duct work for the system was produced in a 

drawing set. The Student building mechanical design features exposed ductwork with sidewall 

duct diffusers. For return air, upturned duct 90 degree angles were used. The duct system is a 

single-duct VAV system with terminal heating. For spaces with large heating loads in the 

Student building, like the lounge on the first floor or the dance studio on the third floor, fan-

powered VAV terminal boxes were selected to meet the requirements. For other spaces, single-

duct reheat boxes were used. For the heating design of spaces with exhausted air, radiant ceiling 

panels were sized.  
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For the mechanical design of the Administration building, active chilled beams coupled 

with a dedicated outside air system (DOAS) were designed. The design featured the sizing and 

placement of active chilled beams in each space, along with mechanical drawings laying out 

ductwork and piping. The chilled beams were selected from Trox to handle the sensible 

mechanical loading of the space while the DOAS unit was selected to provide supply air to the 

conditioned space to meet the latent or ventilation requirement for each zone. Similar to the 

Student building, peak mechanical loads were determined with consideration for the building’s 

orientation, thermal properties, and location information. For the pipe design of the active chilled 

beam system, a 4-pipe system was used to supply hot and cold water to the beams. An in-line 

pump was selected and the piping was sized due to head loss in the system and the pump 

pressure required. Similar to the Student building, several spaces used radiant heating ceiling 

tiles coupled with the exhaust system to properly ventilate the space.  

Egress and Fire Protection Design 
 The egress design for this project incorporated the design of two separate buildings, the 

Student and the Administration building, that are connected by a horizontal exit in the form of a 

tower. Both buildings were analyzed separately, with the horizontal exit being a part of the 

Student building. In terms of egress requirements, both buildings were found to be of assembly 

occupancy, with some areas of business, mercantile, storage, and incidental occupancies. An 

assembly type occupancy has the most restrictive requirements, so the design of the buildings 

needed to take into account the different building and design limitations. Occupant load 

calculations were completed to determine the size and number of exit components. The 

maximum occupant load for a floor was seen in the Administration building basement, with a 

total of 305 people. This determined that the minimum number of exits per floor would be two. 

Floor levels other than the ground level incorporated the main open stairs into the egress design, 

as well as one exit stair per building. The minimum exit width for the stairs was calculated to be 

45 inches for the Student building and 46 inches for the Administration building, with both 

buildings having a minimum door width of 36 inches. The common path of travel for a 

sprinklered assembly occupancy is 75 feet. The final egress design check ensured that the 

buildings adhered to the required travel distance for assembly type spaces.  

 This project incorporated a fully sprinklered building. NFPA 13 was consulted during the 

sprinkler design process. Due to the full conditioning of both buildings, a wet pipe systems was 
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chosen for the sprinkler system type. Roll Grooved Schedule 10 Black Steel Pipe was used for 

the installation. In regards to sprinkler system design, both buildings were considered to be 

primarily of light hazard occupancy classifications, ordinary and extra hazard classifications in 

small areas of each building. The maximum commodity classification was Group A Plastics. 

These characteristics permitted the use of sprinklers with a k-factor of 5.6 and a discharge 

density of 0.1gpm, 0.15gpm, or 0.2gpm over a design are of 1500sqft throughout most of the 

building areas. Areas that were considered to be of extra hazard occupancy, such as the water 

pump and mechanical rooms, incorporated sprinklers with a k-factor of 11.2 and a design density 

of 0.3gpm over 2500sqft. The design pressure and flow were below the city water main pressure 

and flow and no fire pump was needed. The cost for the designed sprinkler system was 

calculated to be approximately $128,000, or $4.55 per square foot of floor area.  

Cost Analysis 
A general building analysis was completed using 2011 RS Means Square Foot Costs. 

Once determining the construction type of the building and other additives such as elevators, the 

total square footage of the Gateway Campus Center was multiplied by cost per square foot. The 

result was then prorated to 2015 values and multiplied by the Worcester location factor of 138.6. 

By doing this, a generalized building cost of $7,154,434.16, or approximately $7.2 million, was 

determined. 

 Once the structural design was completed, a cost analysis was performed using average 

cost per unit of each of the components for the overall structural system. This total was then 

adjusted to more accurately reflect the Worcester area by using a predetermined location factor. 

The total estimated cost for the structural system, adjusted for Worcester, was approximately 

$850,000. This equates to approximately $30.27 per square foot. This value was above the 

original expected structural cost, of $25.48 per square foot, due to the increased framing required 

for the elevated gym floor. 

Using the total building cost determined from 2011 RS Means Square Foot Costs, the 

cost of the mechanical or HVAC systems of the building were calculated. This cost estimate was 

used by taking the percentage of total cost for the HVAC system for a Student Union in the 2015 

RS Means Square Foot Costs book. Therefore, the total cost for the mechanical systems of the 

building are approximately 16.3% of the total building cost or $1,116,172.77, close to $39.86 per 

square foot.  
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1.0 Introduction 

1.1 Project Motivation 
Worcester Polytechnic Institute (WPI) is a center for higher education located primarily 

between the streets of Institute Road and Salisbury Street. Gateway Park is an expansion of the 

campus, intended to accommodate more centers for research and learning. In this growing 

community, there lacks a central location for student life. As Gateway Park expanded with the 

addition of the new residence, Faraday Hall, a need developed for a new communal center close 

by. Accordingly, a new campus center is being proposed to further unite the WPI community in 

Gateway Park. 

In WPI President Leshin’s inaugural address in the Fall of 2014, a third tower inspired by 

Impact was implemented into the school’s motto “Theory and Practice". As one of the nation’s 

first engineering and technological universities, WPI has the ability to affect people on a global 

scale. This vision of President Leshin furthered the motivation for the Gateway Campus Center; 

the addition of a third tower indicated the need for a new building. WPI is known for the two 

towers located on campus, featured at Boynton Hall and Washburn Labs. A campus center at 

Gateway Park featuring this third tower would also unify these two separate areas of WPI’s 

campus. 

1.2 Design Concept  
The design concept of the Gateway Campus Center explored the way architecture is 

defined by structure and the feelings evoked from the architecture’s interaction with structural 

limitations. In this project, the driving concept was Impact – how a force affects existing 

conditions and redefines the space around them. Impact redefines the spaces, and the structure 

withstands this force of Impact. The proposed building has three sections: an academic section, a 

student section, and a connecting tower. The tower in this proposed building is the “Impact 

Tower” and affects the physicality of the structure and architecture. The design is intended to 

represent a force driving into the site and ‘impacting’ a pre-existing structure. 

The building design mimics shear and moment diagrams to represent the “impact” that 

the “force” of the tower has on the structure. The tower is a visual representation of a point force 

on a beam that is fixed on both ends. The tower is not centered evenly between the two 

1 
 



 

buildings, further emphasizing the disruptive and 

asymmetric effect of the force. The value of the 

force is 150 kips for the number of years of WPI’s 

existence at the time of President Leshin’s 

inauguration. The academic building is two stories 

high and has a sunken basement level below grade, 

while the student building is three stories high. This 

mass was determined using the resultant shear 

diagram, as seen in Figure 1. A brace wall cutting 

through the two buildings, cut off by the impact 

tower, represents the resultant moment diagram. 

The brace wall was critical in designing both the structural plans and architectural 

program. Once the mass of the building and the placement of the brace wall were determined, 

multiple structural plans were developed to create options that best fit the needs of the two 

buildings.  

The concept of Impact was utilized throughout the design process. In initial design 

development, it was used for massing and structural grid development. Floor plates were 

designed to look as though they had been cut away by the driving force, creating atrium spaces 

where the tower interacted with the building. The window placement was also representative of 

the effects of Impact. Windows were placed more frequently closer to the center of the Impact 

Tower, growing less frequent toward the ends of the building. These design choices further 

impressed the effects of Impact on the building’s final design. 

 
Figure 2: Exterior Rendering of Gateway Campus Center 

Figure 1: Shear and Moment Diagrams 
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1.3 Report Organization and Governing Codes 
For a building to be in compliance and be approved by the Authority Having Jurisdiction, 

certain codes must be adhered to. Codes that are important to and are used in the design of the 

Gateway Campus Center are primarily:  

• 2009 International Building Code IBC, with Massachusetts Amendments  

• 2009 International Mechanical Code 

• 2009 International Fire Code, IFC.  

• National Fire Protection Association, NFPA 13: Automatic Sprinkler Systems 

• National Fire Protection Association, NFPA 101: Life Safety Code 

2.0 Site 
WPI’s Gateway Park, which opened in 2007, is an area of campus dedicated to research 

and innovation. Up until the 1950s, this region was populated with mills that thrived in the 

Industrial Age. When production shifted to other parts of the globe, these mills were abandoned. 

Gateway Park is 63 acres, 11 of which are owned by WPI. The Park is part of a Brownfield 

development within the industrial district of Worcester. Today, the two buildings in Gateway 

serve as student academic buildings and office buildings for related industry offices. The 

proposed campus center will help tie Gateway to the rest of WPI, bridging campus life with this 

growing region. 

The specific site chosen within Gateway Park is a square lot between WPI’s new 

residence Faraday Hall and WPI’s two professional buildings located in Gateway Park. Other 

sites were considered, including the adjacent lot and areas of Institute Park, located just up the 

street. The proposed site for the Gateway Park Campus Center is One Concord Street, a lot that 

is approximately one and a half acres. The proposed building will serve as both a community 

building where students and faculty can gather and socialize, as well as an administration 

building with offices, tech suites, and conference spaces.  
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Figure 3: Building Site 

 

2.1 Building orientation on the lot 
The building was 

positioned towards the 

northern end of the lot. 

The main entrance was 

placed on the north side 

of the building, with a 

small parking lot for 

handicap and electric 

vehicles on the south 

side. Loading dock 

access was provided on 

both the east and west ends. Deliveries on the west were intended for smaller packages, while 

larger deliveries were intended for the larger loading dock on the east end,  where a semi-circle 

driveway was placed for tractor trailer truck access. 

Proposed 

Site 

WPI 

Gateway II 

WPI 

Gateway I 

WPI 

Faraday 

Hall 

WPI 

Parking 

N 

 

Figure 4: Site Plan 

N 
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2.2 Zoning Considerations 
The proposed site is located in zone BG-

6.0, which is classified for Business, General 

usage. The permissible Floor-Area Ratio (FAR) is 

six square feet of building per square foot of land. 

The zoning has setback limitations of ten feet at 

the rear and no limitations for the front and sides. 

The proposed building and its placement met these 

limitations.  

2.3 Geotechnical Considerations 
The proposed site of the Gateway Campus Center was previously used for 

manufacturing. As a result of this, the site was exposed to hazardous substances and 

contaminants, leading to its classification as a “brownfield.” A brownfield is defined by the 

Environmental Protection Agency (EPA) as “a property, the expansion, redevelopment, or reuse 

of which may be complicated by the presence or potential presence of a hazardous substance, 

pollutant, or contaminant” (Environmental Protection Agency, 2015). The brownfield at the 

chosen site was remediated to a certain level and pads were established for new construction.  

To determine realistic geotechnical characteristics for the site, a geotechnical report for 

the adjacent building developments was used. This geotechnical report was performed by 

Maguire Group Inc. in 2005. This report did not directly address our building site; however, it 

did include a boring log in the immediately adjacent lot. This boring log was compared to a 

second boring log from a building site directly addressed in the report to determine if the soil 

profiles were roughly similar. After determining that the two profiles consisted of the same soil 

types, with only very slight differences in the density of the soil, it was concluded that this report 

could be used to approximate the geotechnical conditions for the building site. 
  

Figure 5: Zoning 
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3.0 Architectural Design 
The architectural design phase determined the locations of spaces to fit the occupational 

use, and aesthetic needs of the building. In order to fit the needs of two very different spaces, the 

Gateway Campus Center was divided into two buildings, the Student and Administration, which 

were separated by the Tower, which acted as a lobby space and entryway into each building. The 

Student building was characterized by larger, more open spaces with more assembly areas. The 

Administrative building had smaller office spaces and private areas. In this section the 

architectural design, construction type, and building envelope considerations are discussed. 

3.1 Architectural Design  
The architectural design approach was to explore how architecture is defined by the 

physical limitations of structure. Structure withstands the force of the Impact and defines the 

architectural program and circulation within the building. 

This concept was developed through the use of shear and 

moment diagrams as a result of a force impacting the 

building. General massing was developed using Google 

SketchUp.

  
Figure 7: North Elevation of the Gateway Campus Center 

 

In elevation from the North or South sides, the building mass mimics the shear diagram. 

In the diagram, as seen in Figure 1, a larger portion of the shear force occurs above zero, and a 

smaller reaction occurs below zero. To artistically represent this, the Student building, shown on 

the left in Figure 7, was placed entirely above grade. To complement this, the Administration 

building, shown on the right in Figure 7, was lowered to include a below-grade level. Ceiling 

Figure 6: Shear Diagram of Force 
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heights were also defined to mimic this representation. In the Student building, ceilings were 13 

feet high on each floor, allowing for more open spaces. In the Administration building, a finished 

ceiling was placed at 9 feet on each floor, emphasizing the feeling of being more enclosed, as 

seen below in Figure 8.

 
Figure 8: Section - Ceiling Height Comparison 

Locations of programmatic elements were determined by functionality and their relation 

to either student social life or administrative activities. Bubble diagrams were used to determine 

tentative places for each component of the program. These were then shaped by the brace wall 

and followed code for sizing areas. Floor plans were initially developed in AutoCAD, due to the 

program’s two-dimensional flexibility. Once general massing was developed, the plans were 

moved to Revit, where the building was framed and the architectural layout was completed. In 

Revit, window placement was determined. Windows were designed to mimic the effect of force, 

creating more openings closer to the point of impact and receding towards the east and west 

ends. This can be seen in the North Elevation in Figure 7.  

The Administration building 

was designed to have communal 

spaces on the first and basement 

floors, with private office and 

conference spaces on the second 

floor. The first level of this building 

includes mercantile coffee and 

convenience store spaces, a lounge, 

and storage areas. The basement level 

includes a lounge with a fireplace Figure 9: Administration Basement Rendering 
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presentation area and access to an outdoor terrace, tech suites, a pump room, and outdoor 

storage. The second floor includes conference rooms, offices, a janitor’s closet, a resource area, 

and a lounge. The entryway on the first floor near the tower is open to the first and second levels, 

emphasizing the effect of the Impact driving into the building. As the building recedes to the 

outer ends, the rooms become more closed off. These features demonstrate the “impact” that the 

tower has on opening up the building. The architectural floorplans can be seen in Appendix K: 

Drawings.  

The Student building implemented greater areas for socializing and gathering. To create 

this feeling of community, larger and more spacious areas were designed for an open floor plan. 

The first level of this building contained a food seating area with an attached kitchen, a small 

lounge seating area, a pump room, and a loading dock. The second level includes a gaming area, 

a video gaming area, and tech suites. The third level of this building houses a gym with locker 

rooms and a dance studio. Much like 

the Administration building, the areas 

closer to the tower are more open with 

the areas further away from the tower 

being smaller and closed off. This 

building also had a cutout in the floor 

near the tower, connecting the first 

and second floors. The architectural 

floorplans can be seen in Appendix K: 

Drawings. 

3.2 Tower Design 
The two towers, Boynton and Washburn, on WPI’s campus symbolize the two founding 

principles of the Institute: Theory and Practice. On the 150th anniversary of the Institute, and 

with the inauguration of WPI’s 16th President, Laurie Leshin, a third “tower” of impact was 

added to the school’s motto, becoming “Theory, Practice, and Impact.” The Gateway Campus 

Center seeks to incorporate this ideal through a physical tower. In this section, the function and 

representation of the tower is discussed, along with its structural and mechanical needs. 

 

Figure 10: Student Building Entryway 
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3.2.1 Architectural Reasoning 

The tower was designed as the focal point of the 

building. Three boxes, each representing one of the 

principles of the motto, crashed into each other, creating a 

dynamic piece that functioned structurally and 

architecturally. The top box symbolized Impact, as it was 

the first piece to initiate the force and its effects. The 

middle box symbolized Theory. Its off-kilter placement 

imitated the imperfection and experimental nature of 

Theory. The bottom box symbolized Practice and its 

straightforward, repetitive and solid nature. 

By having each of WPI’s principles intertwined 

with each other, the tower became a functional space that 

allowed the user to interact with a physical representation 

of the Institute’s core values. The tower was constructed as 

a skeletal structure to show the relation of each value with the other.    

3.2.2 Functions and Design 

A large component of the architectural design of the Gateway Campus Center included 

the implementation of WPI’s third tower, called the “Impact Tower.” Inspired by the graphs used 

in structural engineering to calculated forces and the resultant reactions on a beam, the Impact 

Tower was designed as an abstracted representation of a force. The tower represented a force 

acting on a surface, and the massing and layout of the building was affected by the force, 

changing the physicality of the structure and architecture of a pre-existing structure. Although 

there was no pre-existing structure at the site, the design sought to create the impression that two 

buildings had been struck by a force, ultimately separating the Student and Administration 

buildings with a shear cut.  

The “impact” of the tower affected both the Student and Administration buildings of the 

Gateway Campus Center. Within each building, the entryways, which each parallel the tower 

angles, were two stories high. This represented the tower’s effect on the respective buildings 

being most forceful when closest to the tower’s point of impact. Additionally, window placement 

represented the effect of the tower, creating openings in the existing structure. On the exterior 

Figure 11: Tower Model 
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walls that came into contact with the tower, a glass 

façade was placed to emphasize this effect. As the 

building recedes from the point of Impact, the 

windows occur less frequently. At each end of the 

building the walls do not have any glass. 

The Impact Tower was constructed of glass 

with steel bracings. HSS sections were used for the 

top two boxes of the tower, and wide flange beams 

and columns were used for the base box. In order to 

retain the similarities of each box, the bottom box 

encased each wide flange beam or column in a 

2.5’x2.5’ box. A shed roof was placed at the center of 

the middle box, angled between the higher roof of the 

Student building (39’) and the lower roof of the 

Administration building (26’).  

The Impact Tower acted as a main entry space 

to connect the two buildings.  

3.2.3 Structural Problems and Solutions 

Due to the change in materials and design between the two buildings and the tower, the 

tower was designed as a separate structure. This allowed lateral forces to be applied to the tower 

and resisted independently of the other buildings. As a result, the Impact Tower, Student 

building, and Administration building each have separate structural systems. Because of this, the 

buildings and the tower will not displace by the same amount when affected by lateral forces, 

especially seismic. If this phenomenon is not addressed in the structural design, the buildings can 

be damaged by pounding. A separation joint was used between the tower and the two buildings, 

allowing the three buildings to move independently of one another while avoiding damage. The 

size of this separation joint was determined by the building sway caused by the design loads, for 

wind and seismic effects. The design process for the individual steel members was similar to 

those described in Section 4.3.  

 

 

Figure 12: Interior Tower Rendering Looking Into 
Student Building 
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3.2.4 HVAC Problems and Solutions 

 One of the major difficulties with the mechanical design of the building was the 

integration of the tower into the system design. Due to the structural and fire protection 

restrictions to the tower, the fact that the “Impact Tower” was its own structure, made it difficult 

to tie it into either of the mechanical systems used for the buildings. Further consideration should 

be taken to determine how to effectively heat and cool the tower.  

 Another problem presented by the building was the multi-use of the spaces, due to the 

comprehensive architectural program of the building, many uses and needs had to be met by the 

mechanical design. This coupled with the decision to create two different systems for each 

building made the coordination and design of these systems difficult. The multiuse and the high 

solar loads brought by the tower create several different requirements for a system which were 

difficult to find in one all-encompassing system. Heating and cooling load calculations will be 

developed similar to the process detailed in Section 6.1. Upon evaluation of several problems 

that the HVAC design for the tower would face, further investigation and/or work must be done 

to determine an ideal system for the tower.  

3.4 Construction Type and Building Limits 

The building was designed using Type IIA construction. This type of construction utilizes 

protected, noncombustible materials. Type A indicates that the building has fire rated elements, 

whereas type B has building 

elements that are not required 

to be fire resistant but must still 

be non-combustible. 

Construction type affects the 

fire protection rating of the 

structure. It determines the fire resistive rating (in hours) for various components of a building. 

The values for this building can be seen in Figure 13. In Type IIA, the fire resistant components 

include one-hour fire resistive exterior and bearing walls, structural frame, and floor and ceiling 

protection. Typically, Type IIA buildings have masonry walls with steel studs and bar joists. The 

Gateway Campus Center followed this trend and was designed with steel framing and a brick 

veneer. 

Building Element
Required Fire Resistance Rating 

(hours) Type IIA Construction per 
IBC 2009

Exterior Bearing Walls 1 (Table 601)
Primary Structural Frame 1 (Table 601)

Floor Construction and Secondary Members 1 (Table 601)
Roof Construction and Secondary Members 1 (Table 601)

Stair/Elevator Shaft 1 (1022.2)

Figure 13: Fire Resistive Ratings 
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Within the program, assembly spaces were considered to be the most restrictive. The 

specific subcategories of Assembly type spaces can be found in the International Building Code 

Section 303, and the ones used for this particular structure include A-2, assembly uses intended 

for food and/or drink consumption, and A-3, assembly uses intended for worship, recreation, or 

amusement and other assembly uses not classified elsewhere in Group A, such as lecture halls 

without fixed seating. This limited the building to three stories at a maximum of 15,500 square 

feet per story and a maximum building height of 65 feet. This was determined by using Table 

503 in the International Building Code. The proposed building had a footprint of approximately 

10,100 square feet, with a maximum of three stories and maximum building height of 39 feet.  

 
Figure 14: Allowable Building Heights and Areas 

Due to the architectural and structural components, the Impact Tower was taller than 65 

feet. Because of this, the tower was designed to have both enclosed and open spaces. The 

enclosed area was nested between the Student and Administration buildings with a shed roof 

connecting the two roofs, rising from 26 feet to 39 feet. From the surface of the shed roof to the 

top of the tower, the remainder of the structure was open. Because this space was uninhabited, 

there were no restrictions on the height of the tower. This was allowed because the enclosed, 

inhabited area of the tower is the height of the student building, which is below 65 feet. The 

building height and area were within the requirements per code.  

3.3 Plumbing Considerations 
Bathroom requirements were determined using Table 2902.1 in the IBC. These were done 

for each of the floors in each of the two sections of the building. The number of toilets and sinks 

was determined from the number of occupants per floor using the exit egress findings. Table 

2902.1 specifies how many sinks and toilets per person are required for assembly type 
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occupancy. Assembly was used because it is the most restrictive occupancy of the ones 

necessary building, and it also represents the majority of the floor area. The number of toilets and 

sinks can be seen in the following table.  

 
Figure 15: Plumbing Calculations 

 
Figure 16: Sink and Toilet Requirements 

3.5 Exterior Considerations 
The proposed Gateway 

Campus Center was placed in the 

industrial region of Worcester within 

WPI’s Gateway Park. This area, 

which formerly was an industrial 

hub, is populated with many old 

factories and mill buildings. As 

WPI’s campus has grown since 1865, 

the school buildings have been 

similarly constructed to include 

variations of brick with stone or concrete. To fit in with the architecture of the old factory 

buildings and with WPI’s main campus, the Campus Center was designed with a brick veneer on 

a metal stud wall. The tower was made of glass, with black steel as the supporting structural 

features.  

 One of the “impacts” of the tower is the spacing of the windows. In the Student and 

Administration buildings the walls that come into contact with the tower are curtain walls, 

Level
Occupancy 

Type
# of 

People
Male Female Male Female Male Female Male Female

Basement A-3 305+25 1.3 2.6
1 A-3 265 1.1 2.0
2 A-3 217 0.9 1.7
1 A-2 300 1 per 75 1 per 75 2.00 2.00
2 A-3 297 1.2 2.3
3 A-3 81 0.3 0.6

1 per 125 1 per 65

Building

Administration

Student

Needed 50/50 Lavoratories Needed Per

1 per 125 1 per 65

Water Closets

0.5

0.7
0.2

1 per 200

1 per 200

1 per 200 0.8

0.8
0.7

Basement
1
2
1
2
3

3 toilets with 1 sink

1 toilet with 1 sink

Administration

Student

Male Female

1 toilet with 1 sink
3 toilets with 1 sink
2 toilets with 1 sink
2 toilets with 1 sink
2 toilets with 1 sink

2 toilets with 1 sink
2 toilets with 1 sink
1 toilet with 1 sink
2 toilets with 1 sink
2 toilets with 1 sink

Figure 17: Facade 
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mimicking the effect of the Impact cutting away existing structure. From that central point, the 

windows on the north and south walls for both the Student and Administration buildings were 

placed to further emphasize the effect of Impact. Windows were placed less frequently as the 

building gets closer to the East and West exterior walls. The ends of the building did not have 

any windows, creating the illusion of the tower opening up the building.  

3.6 Envelope Energy Code Compliance 
The envelope of the Gateway Campus Center must comply with the requirements of the 

Massachusetts State Building Code 780 CMR, which incorporated the 2012 International Energy 

Conservation Code (IECC). Commercial construction must comply with the commercial 

provisions within the 2012 IECC or ASHRAE 90.1 2010. COMcheck Software was used to 

determine that the proposed building met energy code compliance for Massachusetts. COMcheck 

is a tool provided by the U.S Department of Energy to help engineers, designers, contractors and 

others to determine whether new commercial buildings, additions, or alterations meet the 

requirements of the IECC and ASHRAE Standard 90.1, while also ensuring the building meets 

state-specific codes. A quick analysis through COMcheck without reference to interior/exterior 

lighting or mechanical systems determined whether or not the envelope of the building was code 

compliant.  

3.7 Effect of Building Shape on HVAC 
The unique shape of the building lends itself as a challenge to the mechanical design 

engineer. The building is essentially two separate buildings connected by the tower or glass 

structure in the middle. The tower serves as an entry lobby and has one floor. The Student 

building, on the right in Figure 14 below, has three floors above ground, and the Administration 

building, on the left in the image, has two floors above ground, with one basement floor.  
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Figure 18: Isometric view of building exterior 

Due to the nature of the building, and that it essentially acts as two separate buildings, the 

mechanical system was designed this way. The use of the spaces within the Administration 

building were conducive to the use of active chilled beams, while for the Student building, the 

use of the space was not. The Administration building has several smaller office spaces or tech 

suites that do not require a large amount of outside air and can take advantage of the secondary 

capabilities of an active chilled beam system. The large spaces and large ventilation requirements 

in the Student Building make it difficult to use active chilled beam. The gym and cafeteria spaces 

are better suited as a VAV application because of this. Similar to the Student building, and the 

nature of the entry way “lobby” of the tower, a large amount of air was needed to offset the 

infiltration loss from the doors constantly opening and closing. That and the large solar loads 

placed on the space made it a much more suitable application for VAV. Once the mechanical 

loads were determined for the sizing of the mechanical systems, two separate systems, one for 

each “building”, were designed to condition the space. The tower would ideally be grouped with 

the Student building and zoned independently from the Student and Administration buildings. 

3.8 Cost Analysis 
 A general building cost analysis was completed to determine an average cost of the 

Gateway Campus Center. This was 

done to determine whether the 

separate cost analysis calculations for 

the structural, mechanical, and fire 

Location Factor= 110.1
Building Cost $5,151,682.40 5,672,002.32$             

Location Factor= 138.6
Building Cost 5,161,929.41$ 7,154,434.16$             

2015

2011

Figure 19: Building Cost Analysis 
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protection were appropriate, relative to their respective percentages of the total building cost. 

The general building cost analysis was completed using 2011 RS Means Square Foot Costs. 

Once determining the construction of the building and additives such as elevators, the cost per 

square foot was multiplied by the total square footage. The result was then prorated to 2015 

values and multiplied by the Worcester location factor of 138.6. By doing this, a generalized 

building cost of $7,154,434.16, or approximately $7.2 million, was determined. 
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4.0 Structural Design 
        The structural framework of a building 

reinforces its shape and supports the applied loads. 

The framework also needs to provide a level of 

comfort to those occupying the building, which 

includes limiting vibrations, floor deflections, and 

lateral movement or sway. In the structural design, 

the strength and stiffness requirements for the 

foundation, member types and sizes, framing 

configurations, and connections were all 

considered.  

The structural design of the 

Gateway Campus Center was based 

on the initial architectural design. The 

initial architectural design concept of 

Impact shaped the main structural 

component, the brace wall, which 

followed the contours of the Moment 

diagram as seen in Figure 20. After 

the preliminary layout was completed, 

the structural and architectural designs were developed together in an integrated manner. This 

approach allowed for better coordination for a number of factors, such as spaces in which there 

were many walls to hide structural columns, assembly areas that needed an open floor layout, 

and how rooms were placed around the brace wall.  

Structural steel was the primary material used in the structural design of this building. 

Steel allows for faster construction times as opposed to cast-in-place, reinforced concrete. It also 

allows for lighter structural systems and longer spans. This typically permits less expensive 

foundation systems and fewer columns. Due to its wide-spread availability and durability, steel 

was utilized for both the gravity and lateral framing systems.   

 

Figure 21: Brace Wall 

Figure 20: Moment Diagram for Brace Wall 
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4.1 Structural Layout 
When designing the structural layout of the building, many special design considerations 

were taken into account. For example, once the initial brace wall had been coordinated with the 

architectural concept’s Moment diagram, column spacing needed to provide the least impact on 

the floor plans, while limiting the beams and girders to economical spans. The brace wall must 

support both gravity and lateral loads, while limiting its thickness to allow for more usable floor 

area. With these factors in mind, a structural grid was created to easily identify locations inside 

the building and to help expedite the construction process. The structural grid was governed by 

intersections with the brace wall. Each column is located at the node of two gridlines. This 

allowed each column to be easily identified based on the intersection. For example, the column 

located at the intersection of gridlines A and 4 is identified as column A-4.  

Multiple grid layouts were developed for each building. The selected grids for the 

Administration and Student buildings can be seen in Figure 22 and Figure 23, respectively. The 

grid layout for the Administration building was selected based on only two designs due to the 

nature of the floor plan. The grid layout for the Student building was more complicated to 

establish due to the open floor plan and the larger building dimensions. The selected structural 

grids allowed for the optimal structural system based on the expected development of the 

architectural layout. It limited the total number of columns required without causing the columns 

to become cumbersomely large. The structural grids were selected with input from all disciplines 

in order to ensure they would not cause future coordination concerns. The options evaluated, 

along with a brief discussion of the reasons behind the selections, can be found in Appendix B. 

 
Figure 22: Selected structural grid for the Administration Building 
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Figure 23: Selected structural grid for the Student building 

4.2 Structural Loads 
        Loads represent the forces the structural framing is required to support and carry. Various 

types of loads are treated differently within the structural design provisions of the International 

Building Code. The two categories of structural loads considered for buildings are: gravity loads, 

which act in the direction of gravity or vertically on the system, and lateral loads, which 

principally act in any direction orthogonal to the gravity force or horizontally on the system. 

When using the Load and Resistance Factor Design (LRFD) approach, load combinations are 

applied to determine the basis for design. These load combinations account for overloading 

situations where the loads experienced are higher than the nominal design values. All the 

combinations must be explored, and the most critical combination is the one used in the design. 

The LRFD load combinations are as follows (American Institute of Steel Construction, 2013):  

• 1.4D ( 1 ) 

• 1.2D+1.6L+0.5(Lr or S or R) ( 2 ) 

• 1.2D+1.6(Lr or S or R)+(0.5L or 0.5W) ( 3 ) 

• 1.2D+1.0W+0.5L+0.5(Lr or S or R) ( 4 ) 

• 1.2D+1.0E+0.5L+0.2S ( 5 ) 

• 0.9D+1.0W ( 6 ) 

• 0.9D+1.0E ( 7 ) 
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Table 1: Summary of load types 

Symbol Name Load Type Description 
D Dead Load Gravity Permanent, fixed force in the same location for 

its lifetime 
L Live Load due to 

Occupancy 
Gravity Non-permanent forces that will change location 

or magnitude 
Lr Roof Live Load Gravity Non-permanent forces that will change location 

or magnitude, acting only on the roof 
S Snow Load Gravity Force from snow accumulation, specific to a 

buildings geographical location 
R Ponding 

Contribution 
Gravity Force due to the accumulation of water or ice 

caused by a blockage of the drainage system 
E Seismic Load Lateral Force from a seismic event, specific to a 

buildings geographical location 
W Wind Load Lateral Force due to wind acting on the structure, 

specific to a buildings geographical location 
 

Structural loads were calculated using the 2009 IBC and Minimum Design Loads for 

Buildings and Other Structures (referred to as ASCE 7-05). Most loads were determined in 

pounds per square foot (psf). For member design, these loads were converted to pounds per 

linear foot (plf) by multiplying the psf value by the tributary width of the member being 

designed. A brief discussion of tributary width along with examples can be seen in Appendix C. 

The nominal value of each load can be seen in Table 2. These nominal values were then placed 

in the load combinations shown previously (American Institute of Steel Construction, 2013). The 

largest value from these load combination was then used as the design loading, WU. The 

controlling load combination for most of the structural members of this project was Equation 2 

above. 
Table 2: Summary of load magnitudes 

Symbol Value for Each Building Determined Using Administration Student 

D 

weight of the beam + weight 
of the slab + 10psf (for 

mechanical and electrical 
equipment) 

weight of the beam + weight 
of the slab + 10psf (for 

mechanical and electrical 
equipment) 

Actual weight of the 
supported elements 

L 
• Basement: 80 psf 
• First Floor: 100 psf 
• Second Floor: 80 psf 

• First Floor: 100 psf 
• Second Floor: 100 psf 
• Third Floor: 100 psf 

ASCE 7-05 Chapter 4, 
Table 4-1 

Lr 20 psf 20 psf ASCE 7-05 Chapter 4, 
Table 4-1 
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S 40 psf 40 psf 
ASCE 7-05 Chapter 7 
(Procedure can be seen 

in Appendix C) 

R not considered, less than 
snow load 

not considered, less than 
snow load 

ASCE 7-05 Chapters  8 
and 10 

E • First Floor: 29.56 kips 
• Second Floor: 21.11 kips 

• Second Floor: 22.2 kips 
• Third Floor: 54.2 kips 
• Roof: 30.3 kips 

ASCE 7-05 Chapters 11 
and 12 

(Procedure can be seen 
in Appendix C) 

W • First Floor: 24 kips 
• Second Floor: 8 kips 

• Second Floor: 30 kips 
• Third Floor: 20 kips 
• Roof: 10 kips 

ASCE 7-05 Chapter 6 
(Procedure can be seen 

in Appendix C) 
 

4.3 Structural Frame Design 
There are two structural systems for every building. These systems can share the same 

members but serve to resist different loads. Gravity framing resists the loads in the direction of 

gravity. The lateral system resists the load of lateral forces and stops the building from moving 

laterally, also known as building sway. The layout of the structural framing needs to allow for a 

load path for conveying the supported forces into the ground. The typical load path in a steel 

framed building follows the load going into the floor, which transfers the load into the beams. 

The load from the beams then goes into the girders, which in turn, transfer the load to the 

columns. Finally, the columns pass the loads into the footing, which transfers the loads into the 

soil. Also, specific fire resistance ratings were determined for code compliance and implemented 

in the structural planning. To accelerate the design process, the Steel Construction Manual was 

used to size the steel members (American Institute of Steel Construction, 2013).  

4.3.1 Braced Frame Design 

        For this project, a braced frame was used as the lateral force resisting system. Other types 

of lateral resisting systems include rigid frames and shear walls. The braced frame system was 

determined to provide the most important benefits to this building. Typically, rigid frames 

provide lateral support without causing additional members or walls to be placed; however, they 

are more expensive because they require a large increase in member size to achieve the 

necessary lateral resistance. Shear walls are more affordable but they add additional barriers in 

the floor plan, and they require large amounts of detailing for openings such as doors (Richard, 

2008). In this case, the lateral frame cuts through both the Administration and Student buildings 
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on diagonals. Flow through the interior space requires a large number of openings in the wall. 

Therefore, it was determined that a braced frame would be less expensive than rigid frames, but 

would allow for openings for doors and windows without requiring the detailing of shear walls. 

A typical braced frame configuration can be seen in Figure 24. 

 
Figure 24: Example of a braced frame lateral system  

http://www.stevenyoung.co.nz/index.php?option=com_content&task=view&id=236&Itemid=16 

Braced frames help maintain the configuration of the columns and beams under lateral 

forces from wind and earthquake loads. The braces also provide additional stiffness. The braced 

frame restrains the building from displacing significantly in the lateral direction. Each member of 

the braced frame is a member of both the lateral and gravity systems. As a result, every member 

of this lateral system was designed for combined bending and axial loads. The members were 

also sized to provide enough stiffness so that the building meets the lateral displacement criteria.  

Due to the unique configuration of the braced frame in the Gateway Campus Center, it 

became essential to understand and control the braced frame response at an early design stage. 

To understand the reaction of the braced frame to lateral loads, the response of the braced frame 

for the Student building was the focus for initial studies. Since both buildings’ lateral systems 

share the same basic configuration they will respond in essentially the same way. However, since 

the Student building is larger, both in terms of height and mass, the lateral loads are larger than 

those for the Administration building. Therefore, the response of the Student building will more 

clearly show the problems associated with this unique braced frame configuration. The original 

placement of the braced frame of the Student building can be seen in red, in Figure 25.  
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Figure 25: Original braced frame configuration, shown in red, and the Location of the force causing the worst response, shown 
as the yellow arrow 

To explore the building response and calculate the forces in the braces, Ram Structural 

Systems, a program made by the company Bentley, was used. Ram Structural Systems was 

selected because it allowed quick and easy analysis of the indeterminate system. The building 

uses a rigid diaphragm floor system. This means that when the building sways, the floor retains 

its shape. The rigid diaphragm causes all the structural members of the lateral system to deflect 

by the same amount. As a result, the percentage of the total lateral force each member of the 

lateral system experiences is proportional to its stiffness compared to the overall stiffness of the 

system. Therefore, whenever a member’s stiffness is adjusted all the loading in the system will 

be reapportioned. Ram Structural Systems was utilized to avoid manual recalculations of the 

force distribution as member sizes were changed.  

The building was modeled approximately in Ram Modeler. This model included the 

brace wall, a rigid diaphragm created by the floor slabs, and rough placement of a few other 

members required to get the software to function properly. The lateral loads found in Section 4.2 

were input into Ram Frame, and the building’s response was examined. Ram Frame was then 

used to determine the forces in each member of the lateral system.  

The original configuration of the frame produced unacceptable deflections and member 

sizes. The lateral forces were simplified for each floor as one concentrated load acting at the 

center of mass of the floor. However, according to ASCE 7-05, Section 12.8.4.2, to account for 
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accidental torsion this force was applied at an eccentricity to the center of mass. The distance is 

specified as five percent of the building length perpendicular to the direction of the force applied. 

The location of the lateral force that causes the worst response was then used as the design case. 

Figure 25 shows the location of the force that produces the worst response. Since the braced 

frame rotates around column A-10.5, the eccentric force caused the braced frame to rotate 

dramatically, which can be seen in Figure 26.  

 
Figure 26: Most critical deflection case for the original braced frame configuration of the Student building. The Original shape 
is shown in gray; the deflected shape is shown in red and purple. Deflections are shown with a 20 scale factor. 

Reducing the structural response to torsion was vital to the design of the building. The 

solution to this problem was to add another brace along gridline 13. This extra brace moved the 

center of stiffness of the lateral system towards gridline 13, dramatically reducing the torsion 

effect experienced. However, after coordination with the architectural system, it was determined 

that an additional brace could not be placed on this gridline due to interference with the large 

overhead door of the loading dock. The additional brace was then moved to gridline E, as shown 

in Figure 27, to address this coordination issue. The new configuration was implemented in Ram 

Frame, and provided successful results, shown in Figure 28. Once this new configuration was 

selected, the design forces for each member were obtained from Ram. Using Steel Construction 

Manual, Part 6, appropriate member sizes were established to resist the combined axial and 

bending forces (American Institute of Steel Construction, 2013).  After these members were 

sized, they were input into the Ram Frame model, and the computed building sway was 

compared to the limit provided in ASCE 7-05, Table 12.12-1. If the building sway was too large, 

the stiffnesses of the members were increased and the process was repeated (American Society 
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of Civil Engineers, 2006). This process was also used for the Administration building with 

similar results, as predicted. 

 

 
Figure 28: Most critical deflection case for the new braced frame configuration of the Student building. The Original shape is 

shown in gray; the deflected shape is shown in red and purple. Deflections are shown with a 20 scale factor. 

4.3.2 Floor and Roof Deck Design 

        Typical floors in steel-framed buildings are constructed with concrete placed over a 

formed metal deck. This type of floor facilitates construction because it requires less temporary 

forming to support the wet concrete. This typical floor configuration can be seen in Figure 29. 

Floors that are supported directly by the underlying soils, also known as “on grade”, are typically 

Figure 27: New braced frame configuration, shown in red, and the location of the force 
causing the worst response, shown as the yellow arrow 

25 
 



 

designed as a concrete slab with no metal decking. These slabs on grade require less temporary 

forming than elevated slabs because they are supported directly by the soil. Therefore, the 

benefits of using a metal deck are not as applicable as they are for elevated slabs. Since concrete 

has very low tensile strength, reinforcing bars or mesh are placed in the concrete to avoid 

cracking from bending and shrinkage of the concrete. The strength and stiffness properties of the 

floor slab determine the maximum spacing at which the supporting steel beams can be placed.  

 The floor systems for the two buildings were designed using these typical construction 

types. The elevated floors make use of a formed metal deck to decrease construction time. The 

floors at grade were designed to bear directly on the soil to avoid the need for unnecessary metal 

decking. The roof decks for the building will only be accessed for maintenance; therefore, they 

were designed without a concrete slab. This reduces the load at the roof level without reducing 

the usefulness of the area.  

 
Figure 29: Typical concrete slab on metal deck configuration 

http://www.steelconstruction.info/Design_of_composite_steel_deck_floors_for_fire 

The floor and roof deck were designed using the Vulcraft Steel Roof and Floor Deck 

specification (Vulcraft, 2008). This is a specification published by the deck manufacturer, 

supplying the designer with structural properties of the decking. By determining the fire rating 

required and the maximum design load for the floor slab and roof deck, this specification was 

used to select the required decking sizes for the floor slab and roof. The weight and the 

maximum beam spacing for the selected flooring systems were also found from this specification 

and applied to the steel member design.  

4.3.3 Beam Design 

Steel beams are designed to sustain the maximum bending moment and shear force that 

the member will experience. Beams also must be designed so that they do not deflect by a 
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significant amount. There are two typical types of steel beam constructions: composite and non-

composite. Composite construction allows the steel members and the floor slab to work as one 

member. This is done by welding shear studs, shown in Figure 29, to the top of the steel section, 

through the troughs of the metal deck. The concrete is then placed over the shear studs. Once the 

concrete hardens, the floor slab and the steel beam move and bend together, allowing for 

increased strength capacity and smaller steel beams. However, the drawback of this approach is 

that it adds construction time and cost due to the need to weld each shear stud to the top of each 

beam. Composite action can either be designed as full composite or partial composite. Full 

composite has increased capacity but requires more shear studs. In some cases, full composite 

designs cause members to have excess capacity. In these instances, it is more economical to use 

partial composite beams. 

Another decision for designing a composite beam is the type of construction used, shored 

or unshored. Shored construction relies on temporary supports to add extra capacity to the steel 

beams before the placing of the concrete. When the concrete hardens and can begin carrying 

loads, the supports are removed and the composite action is allowed to begin. In unshored 

construction, the steel beams are designed to support the weight of the wet concrete without any 

additional support. Unshored construction therefore requires larger beams but avoids the 

construction costs for the installation and removal of shoring.  

The structure was designed for partial composite, unshored construction. This allows for 

a balance between beam size and construction time. All of the beams were idealized as simple 

span members with a uniformly distributed load. This simple construction allowed the maximum 

moment, deflection, and shear values to be easily calculated. These values had to be calculated 

twice, once under construction loads and once under service loads. Simple construction also 

allowed the use of simple connection types described in Section 4.3.7, thereby decreasing the 

amount of detailing and construction time required for each connection.   

The steel beams were first sized for unshored construction and then for composite action 

under service loads, those experienced construction. Construction loads included dead and live 

loads. The dead loads come from the weight of the beam itself as well as the weight of the metal 

floor deck. The live loads considered a construction live load, as well as the addition of wet 

concrete. Since the concrete is not yet hardened and not in a permanent state, it was treated as a 

live load. A 10% increase in concrete slab weight was also applied to account for ponding 
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effects. Ponding is the phenomenon of the beams and decking deflecting in the center slightly 

during the placing of the concrete, causing more concrete to be required to produce a level slab 

surface. Maximum moment and shear were calculated, and Steel Construction Manual, Table 3-2 

was used to select a member size that satisfied these requirements. Once the member size was 

selected, the design loading was updated to include the new beam self-weight, and the process 

repeated until an adequate member size was found. Finally, the deflection of the member was 

checked to make sure it fell under the acceptable limit for construction of beam span/240 or 1 

inch. A spreadsheet was created so that these calculations could be repeated many different times 

for different beam configurations. The spreadsheet used can be seen in Appendix D. According 

to the Steel Construction Manual, if the shear stud diameter is 2.5 times the flange thickness of 

the beam, the studs need to be welded directly over the web of the beam. This adds construction 

time and can make it difficult to fit the required studs on the beam. As a result, members that do 

not meet this requirement were avoided or these members were treated as non-composite 

members (American Institute of Steel Construction, 2013).  

A few beams were not designed as composite beams due to the orientation of the metal 

deck at these locations. These beams are not parallel to any gridline; an example can be seen in 

Figure 30. These beams were only designed for the more severe loading case, always service 

loads in this project. However, under service loads the deflection criteria changes. The deflection 

due to half the live load needs to be limited to L/360 or 1 inch, and the deflection due to the 

combination of dead load plus half the live load is limited to L/240 (American Institute of Steel 

Construction, 2003).  

 
Figure 30: Example of beams that were designed as non-composite 
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Using the unshored construction sizes, beams were designed for service loads while 

taking advantage of partial composite action. The minimum composite action used for this 

project was 25%. This level was based on Steel Construction Manual, Commentary I. The goal 

was to use the lowest possible number of studs, but still satisfy the strength and deflection 

requirements. This decreases the construction cost and time for the building. The criteria for the 

size and length of the studs were found in the Steel Construction Manual page 16.1-90. The 

process described in the Steel Construction Manual, Specification I and Steel Construction 

Manual, Commentary I, along with Steel Construction Manual, Tables 3-19, 3-20, and 3-21 were 

used to determine the number of studs required to fulfill both the strength and deflection 

requirements for the service load (American Institute of Steel Construction, 2013). 

4.3.4 Girder Design  

        The design of the steel girders was very similar to the beams. Girders support the beams 

and thus carry more load. The girders also need to be large enough to allow for the beams to 

frame into them. Most of the girders were designed as simple span members with a uniformly 

distributed load as described above. However, due to the irregular geometry caused by the braced 

frame, the girders that are members of both the lateral and gravity systems were designed for 

gravity loads using concentrated loads at the location of each beam that they support. Once the 

loads were calculated, the design approach followed the process explained in the previous 

section for beams (American Institute of Steel Construction, 2013). 

4.3.5 Vibration Guidelines 

 One of the major concerns for the structural design of this project was the vibrations 

associated with the third floor gym in the Student building. The gym in the Student building was 

moved to the third floor due to egress concerns and to allow for more floor area. Rhythmic forces 

caused by activities, such as aerobics and dancing, can cause uncomfortable and damaging 

vibrations. In order to control these vibrations, the AISC Design Guide 11 Floor Vibrations Due 

to Human Activity was used (Murray, 1997). This publication provides procedures to estimate 

the vibrations based on the activity being performed. It also provides acceptable limits of 

acceleration. To determine if the framing will cause concerns, the expected acceleration the bay 

will experience due to a rhythmic force is determined. This acceleration is then compared to the 

acceptable limit. If the framing considered does not satisfy the limit, member stiffnesses are 
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increased in order to increase the frequency of the bay, thereby decreasing the likelihood of 

resonance. 

 The first step in exploring vibrations was to determine the expected rhythmic activities, 

as well as the appropriate acceleration limit for the system. Acceleration limit was based on 

considering all of the areas that will be affected by the vibrations. For this project, the controlling 

rhythmic force is aerobics. The areas of occupancy that will be affected by the rhythmic force are 

dining and weight lifting. Using Table 5.2 and 5.3 of Floor Vibrations Due to Human Activity, 

the acceleration limit, forcing frequency, weight of participants, and dynamic coefficient were all 

determined, and the values can be found in Table 3 below. Once these values were determined 

the vibration analysis was performed for one bay at a time. An excel spreadsheet was created to 

assist with these repetitive calculations, which can be seen in Appendix D. 
Table 3: Values used for vibration parameters 

Acceleration Limit, 𝑎𝑎0
𝑔𝑔

 0.02 

Forcing Frequency, f 

First Harmonic = 2.75 Hz 

Second Harmonic = 5.5 Hz 

Third Harmonic = 8.25 Hz 

Weight of Participants, wp 2.5 psf 

Dynamic Coefficient, αi 

First Harmonic = 1.5 

Second Harmonic = 0.6 

Third Harmonic = 0.1 

    

The frequency of each bay was calculated from its elastic deformation using Equation 8. 

This was done by using the unfactored dead load of the floor, the wp value above, the 

transformed moment of inertia for the member which includes the floor slab for composite 

members, and the tributary area of the member. The floor dead load includes the weight of the 

members, the concrete slab, and a maximum of four psf for mechanical and electrical systems. 

For composite beams the transformed moment of inertia was calculated based on the properties 

of the steel beam and the concrete slab. Once the deflections of all members were calculated, the 

fundamental natural frequency of the bay was obtained from the:  

𝒇𝒇𝒏𝒏 = 𝟎𝟎.𝟏𝟏𝟏𝟏�
𝒈𝒈

𝜟𝜟𝒋𝒋+𝜟𝜟𝒈𝒈+𝜟𝜟𝒄𝒄𝒏𝒏
 (8) 

30 
 



 

Where fn is the fundamental natural frequency, g is the acceleration due to gravity, Δj is the 

maximum beam deflection, Δg is the maximum girder deflection, and Δc is the elastic shortening 

of the column. According to AISC Design Guide 11 Floor Vibrations Due to Human Activity, 

column shortening can typically be ignored for buildings less than six stories (Murray, 1997).  

 The next step was to determine the required frequency to prevent unacceptable vibrations 

for each harmonic of the rhythmic force. This required the application of the following equation 

for all three harmonics: 

(𝒇𝒇𝒏𝒏)𝒓𝒓𝒓𝒓𝒓𝒓′𝒅𝒅 = 𝒇𝒇�𝟏𝟏 + 𝒌𝒌
𝒂𝒂𝟎𝟎
𝒈𝒈

𝜶𝜶𝒊𝒊𝒘𝒘𝒑𝒑

𝒘𝒘𝒕𝒕
 (9) 

Where f, a0/g, αi, and wp can be seen in Table 3 above, wt is the weight of the floor, and k is a 

constant equal to 2 for aerobics. Once the required frequency for each harmonic was calculated, 

it was compared to the natural frequency of the bay calculated previously. If fn is greater than or 

equal to (fn)req’d for all harmonics, then the a/g value for each harmonic is calculated using: 
𝒂𝒂𝒑𝒑
𝒈𝒈

= 𝟏𝟏.𝟑𝟑𝜶𝜶𝒊𝒊𝒘𝒘𝒑𝒑/𝒘𝒘𝒕𝒕

���𝒇𝒇𝒏𝒏𝒇𝒇 �
𝟐𝟐
−𝟏𝟏�

𝟐𝟐
+�𝟐𝟐𝟐𝟐𝒇𝒇𝒏𝒏𝒇𝒇 �

𝟐𝟐
 (10) 

Where β is the damping ratio, which is equal to 0.06. The maximum acceleration experienced is 

then calculated using the a/g value from each harmonic and the equation:  

𝑎𝑎𝑚𝑚 = �∑𝑎𝑎𝑖𝑖1.5�1/1.5
  (11) 

This am value, calculated in percentage of gravity, can then be compared to the maximum 

acceptable acceleration values given in Table 3. If the am value is larger than the acceptable limit 

then changes need to be made to the bay. The acceleration can be decreased by increasing the 

stiffness of the members or by adjusting the weight of the floor.  

To help the vibration response of the gym floor, the use of lightweight concrete was 

explored for the floor slab. This change resulted in less load on the structural framing, causing 

the frequency of the bay to increase due to a decrease in Δj and Δg in Equation 8. The 

approximate cost of the lightweight concrete slab is $3.50 per square foot. Comparing this cost to 

the approximate cost of the normal weight concrete slab, $3.24 per square foot, shows an 

increase in cost. However, the lightweight concrete allows for better floor performance and 

smaller beam sizes, partially offsetting this increased cost. The lightweight concrete also allows 
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for a thinner slab because lightweight concrete has a slightly better fire rating than normal weight 

concrete of the same thickness. 

4.3.5.1 Irregular Bay Vibration Concerns 

 As shown in Figure 31, one of the bays supporting the gym floor has an irregular layout. 

Column C-9 was removed because it would have been in an unpleasant place in the lobby. 

However, this removal caused problems with vibrations. To determine the frequency of the 

irregular bay, an additional deflection value must be added to Equation 9 to capture the effect of 

the additional girder. This drastically decreases the bay frequency, requiring a tremendous 

increase in stiffness to reach the acceptable acceleration limit. However, the AISC Design Guide 

11 Floor Vibrations Due to Human Activity does not directly address irregular bays. Therefore, 

other methods were explored to determine if this bay caused unacceptable accelerations (Murray, 

1997). 

  

 
Excessive accelerations are typically caused by the phenomenon of resonance. Resonance 

occurs when the frequency of vibration of the member in question matches the forcing 

Figure 31: Irregular bay causing additional vibration concerns 
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frequency. A finite element program, Risa-3D, was used to determine the natural frequency for 

the bay in question. This was accomplished by modeling the bay in Risa-3D, then placing the 

loadings determined from AISC Design Guide 11 Floor Vibrations Due to Human Activity on the 

bay. The modal analysis feature of Risa-3D was applied, providing the modal shapes and natural 

frequencies of the bay. The first mode shape and the first five natural frequencies of the bay can 

be seen in Figure 32 and Table 4 respectively. As shown in Table 4, the lowest natural frequency 

of the bay was 10.487 Hz. This natural frequency was compared to the largest forcing frequency 

shown in Table 3, 8.25 Hz. Since the natural frequency of the bay is larger than that of the 

forcing frequency, it was determined that the bay would not be susceptible to resonance.  

 
Figure 32: First mode shape of the irregular shaped bay from Risa-3D 

 
 

Table 4: Natural frequency of the irregular shaped bay from Risa-3D 

Mode Frequency (Hz) Period (Sec) 

1 10.487 .095 

2 10.529 .095 

3 10.529 .095 

4 12.742 .078 

5 14.127 .071 

  

To check the validity of this approach, the process was repeated for a bay that fits the 

requirements of AISC Design Guide 11 Floor Vibrations Due to Human Activity. The 

calculations described in Section 4.3.5 determined the natural frequency of the bay to be 10.53 
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Hz. The modal analysis using Risa-3D provided a natural frequency of 9.534 Hz. Therefore, the 

Risa-3D analysis was determined to be slightly conservative compared to the hand calculations. 

This comparison was used to conclude that the irregular bay would not cause vibration problems 

(Murray, 1997).  

One of the other solutions explored for this vibration problem was the use of a “floating 

floor.” A floating floor uses very soft springs placed between the floor of the structure and the 

force causing the vibration concerns. These springs serve to reduce the vibration effect from 

rhythmic activities. Another benefit of a floating floor is that it can be placed at any point in a 

building’s lifespan and removed when it is no longer needed. The floating floor system will, 

however, add more load to the system (Murray, 1997). If unacceptable vibrations are 

experienced during the lifespan of this building, a floating floor could be placed on top of the 

existing floor. Due to the increased beam and girder size for the gym floor, the additional load of 

the floating floor system would not cause other concerns for the structural system.  

4.3.6 Column Design 

        Columns transfer the load from the beams and girders to the foundations. Due to the 

phenomenon of buckling, the main property for a column’s capacity is unbraced length. A 

column is braced when a member restricts it from displacing in a given direction. Therefore, 

unbraced length is the distance between the members bracing the column. The larger the 

unbraced length, the less load a given column can support. The unbraced length value is 

multiplied by an adjustment factor, K, based on the connection types at the top and bottom of 

each column. Since all of the columns were assumed to be pinned at the top and bottom, the K 

value for all of the columns was one.  

The maximum, design axial load for each column was found by multiplying the factored 

load, in psf, by the tributary area of the column. An example of column tributary area can be 

found in Appendix C. Table 4-4 of the Steel Construction Manual, was then consulted to 

determine a member that could support the calculated design load. The columns for this project 

were designed as square HSS members. This allows for increased flexibility when designing the 

connection of framing members into the columns and allows for simplified design as a result of 

the column stiffness properties being the same in both directions (American Institute of Steel 

Construction, 2013). The selected column sizes can be seen in the column schedule in Appendix 

K. 
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4.3.7 Connection Design 

        Due to the use of simple construction, the connections were designed simply to transfer 

the shear force from one member to another, without the concern of transferring moment. 

Typical connection types were used which allowed for design using the Steel Construction 

Manual. Double angle, single angle, and unstiffened seated connections were devised. These 

connection types allow for much of the work to be done in the steel shop, which helps reduce 

construction costs. A typical connection between a beam and a girder, as well as a girder to a 

column, was designed by determining the maximum shear value at each connection based on the 

beam and girder designs discussed in Section 4.3.3 and 4.3.4 respectively. These shear values 

were then used along with Steel Construction Manual Tables 10-1, 10-2, 10-5, 10-6, and 10-12 

to calculate the required angle thickness, angle length, and required number of bolts or weld 

length. Another factor that was considered was the width of the column face available for 

connections. This factor caused the double angle connections to the columns to be unacceptable. 

After the length of both angles, the beam web, and the weld were all added, the overall width of 

the connection was larger than the workable face of the column. Therefore, single angle 

connections were used for connections to columns to reduce the workable face of the column 

required. A single angle connection to HSS6x6 columns could not be achieved due to the 

relatively narrow column face. An unstiffened seated connection was used for the connection to 

HSS6x6 columns because they require less column width. Typical connection details can be seen 

in Figure 33, Figure 34, Figure 35 and Figure 36. 

 
Figure 33: Typical unstiffened seated connection to an HSS6x6 column 
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Figure 34: Typical single angle connection to an HSS8x8 Column 

 
Figure 35: Typical single angle connection to an HSS10x10 column 

 
Figure 36: Typical double angle beam to girder connection 
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4.3.8 Base Plate Design 

 Base plates are steel plates welded to the base of steel columns. The base plate transfers 

the axial loads from the column into the foundation beneath. It increases the bearing area on the 

concrete foundation, allowing more concrete area to support a given amount of load.  

Two base plates were designed: one that sits atop a concrete pier and one that sits directly 

on a spread footing. These two scenarios required a slightly different design process based on the 

ratio of the area of the supporting concrete to the area of the plate. The total area of the base plate 

was determined based on required concrete bearing area. The thickness of the base plate was 

determined based on the moment the base plate experiences. The design moment was calculated 

by treating the distance from the face of the column to the edge of the base plate as a cantilever. 

The thickness required to resist this moment defined the minimum thickness of the base plate. 

The two base plate designs can be seen in Figure 37 and Figure 38. 

 
Figure 37: Base plate design used for all columns bearing on concrete piers 

 
Figure 38: Base plate design used for all columns bearing on spread footings 
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4.4 Foundation Design 
Foundations are typically placed underground and made of reinforced concrete, designed 

to support the load of the superstructure above them and transfer the load to the subsoil. 

Foundation design involves checking the strength of the concrete itself and exploring the 

reaction and strength of the soil that will be receiving the load from the foundation. Soil 

properties for this project were taken from a geotechnical report conducted on Prescott Street in 

2005 by Maguire Group Inc.  

One interesting observation from this geotechnical report is that the local bearing 

capacity for a shallow footing is 6000 psf; however, the bearing capacity for deep footings is 

only 3000 psf. Due to the basement of the Administration building, all the foundations for the 

Administration building were designed using the 3000 psf bearing capacity. The foundations for 

the Student building were designed using 6000 psf. Since concrete performs poorly in tension, 

embedding steel reinforcing bars is a useful tactic for producing additional strength and safety. 

Foundations are typically designed to sustain downward acting forces but in this case uplift 

forces must also be considered. The foundations supporting the brace wall will experience forces 

attempting to pull the foundation up out of the soil. Therefore, the foundations and the soil above 

them will need to be heavy enough to resist that uplift force.  

Reinforced concrete is an inexpensive and durable material. It utilizes the high 

compressive strength of concrete along with the high tensile strength of steel. The foundation 

systems for the two buildings vary slightly. For both buildings, concrete piers transfer the force 

from the steel columns to spread footings beneath. According to IBC 2009 Section 1809.5, all 

permanent supports exposed to frost need to extend below the frost line of the locality. This 

included all foundations at the exterior of the building. The frost line was taken as four feet 

below grade for this project. As a result, the concrete piers were required to transfer the load 

from the columns to the spread footings located below the frost line. For foundations not exposed 

to frost, including interior foundations, the minimum footing depth below grade was set at only 

12 inches. This allowed the column base plates to bear directly on the spread footings. 

Due to the basement in the Administration building, the Administration and Student 

buildings required different design processes. As a result of the height and amount of soil 

retained by the basement walls of the Administration building, these walls were designed to 

sustain the lateral load of the soil. This required the basement wall and its wall footing to be 

38 
 



 

designed together as a retaining wall. For the Student building, the foundation walls are non-

bearing and are only necessary to reach the depth of the frost line. Beneath these walls, a strip 

footing was placed to distribute the small amount of load from these foundation walls to the soil. 

4.4.1 Pier Design 

The axial loads and moments determined by the brace wall and column designs described 

in Sections 4.3.1 and 4.3.6, respectively, were used for the pier design. Each pier must have 

sufficient strength to support the combined axial load and moment from the column. This was 

checked by dividing the design value of the axial load by the axial capacity of the pier and 

dividing the design moment by the bending capacity of the pier, shown in Equations 12 and 13 

respectively. Published design aids were then consulted to determine the area of longitudinal 

𝑘𝑘𝑛𝑛 = 𝑃𝑃𝑢𝑢
𝜙𝜙𝑓𝑓′𝑐𝑐𝐴𝐴𝑔𝑔

 (12) 

𝑅𝑅𝑛𝑛 = 𝑀𝑀𝑢𝑢
𝜙𝜙𝑓𝑓′𝑐𝑐𝐴𝐴𝑔𝑔ℎ

 (13) 

reinforcing steel necessary to sustain these combined axial and bending loads (Nilson, 2009). A 

sufficient amount of reinforcing steel was then selected to satisfy this requirement. Transverse 

reinforcement was also defined to resist shrinkage and temperature cracking. The transverse 

reinforcement was determined based on spacing which is the minimum of 16 times the diameter 

of the longitudinal bars, 48 times the diameter of the transverse bars, and the least pier 

dimension. One pier design was acceptable for all locations. This pier can be seen in Figure 39. 

 
Figure 39: Pier used to transfer load from steel columns to deep spread footings 

4.4.2 Spread Footing Design 

Spread footings are placed beneath a steel column or concrete pier to increase the area of 

soil to which the axial load is applied. The required area of the spread footing was determined by 

dividing the unfactored column load by the effective bearing capacity of the soil. The unfactored 
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load consists of the axial load of the column plus the weight of the pier, if applicable. The 

effective soil bearing pressure is the actual bearing pressure minus the weight in pounds per 

square foot of the concrete and soil above the base of the footing. Once the area of the footing 

was established, the thickness of the footing was determined based on strength requirements for 

shear, punching shear, and bending moment. Once the area and thickness were established, the 

amount of reinforcing was determined and the number of bars placed in each direction was 

selected. An Excel spreadsheet was created for spread footing design to facilitate repeated 

calculations. This spreadsheet can be seen in Appendix D. The resulting footing designs are 

summarized in Table 5. 
Table 5: Summary of spread footing sizes and bar reinforcements used 

 

4.4.3 Basement Wall Design 

 The foundation wall design was different for the two buildings. The Administration 

building has a basement which requires the height of the foundation wall to be 13 feet. Also, 

since there is soil on one side of the wall but not on the other, these walls were designed as 

cantilevered retaining walls with a height of 13 feet. These walls were designed to restrain the 

whole lateral soil load without being restrained at the top. This allows for decreased construction 

time as the floor on deck does not need to be cast prior to the backfilling. Also, due to the 

configuration of the Administration building the floor beams supporting the first floor bear 

directly in the foundation wall. This means that the walls need to be designed to support both the 

lateral force from the soil and the vertical force from the beams. Retaining walls are defined as 

three components, identified in Figure 40. The heel, toe, and stem work together to resist the 

failure modes shown in Figure 41. As a result of this interaction, a retaining wall is designed as 

one system.  
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Figure 40: Components of a typical cantilevered retaining wall  

https://www.studyblue.com/notes/note/n/arc-666-study-guide-2012-13-are/deck/9714156 

 
Figure 41: Typical failure modes for a cantilevered retaining wall  

https://qph.is.quoracdn.net/main-qimg-8297f409857db04ec52002d386086c13?convert_to_webp=true 

4.4.4 Foundation Wall Design 

The Student building does not have a basement, meaning the walls only need to extend 

approximately three feet below grade. These walls were designed to support a small load due to 

the exterior wall above. Also, the width of the foundation walls must be at least as wide as the 

supported wall above. The width of the foundation walls for the Student building was controlled 
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by the width of the exterior wall above, 16 inches. The minimum ratio of longitudinal and 

transverse reinforcement was determined from Building Code Requirements for Structural 

Concrete as 0.0012 and 0.0020 respectively (American Concrete Institute, 2014). These values 

were used to select the appropriate size and spacing for the longitudinal and transverse 

reinforcement of the foundation wall. 

4.4.5 Strip Footing Design 

 Strip footings are placed beneath wall and serve the same purpose as spread footings: 

they increase the bearing area and reduce the stresses within the supporting soil. As a result of 

the retaining wall being designed as one system, the Administration building does not require 

strip footings. Therefore, the only strip footings in this project are located beneath the foundation 

walls of the Student building. The strip footing design is very similar for that of the spread 

footing; however, during design only one foot of wall is examined to simplify the process. Since 

the foundation walls extend three feet below grade and the frost protection depth is four feet, the 

minimum strip footing thickness for this project was one foot. The typical strip footing used for 

the Student building can be seen in Figure 42. 

 
Figure 42: Foundation wall and strip footing detail for Student building 

4.5 Structural Cost Analysis 
 After the structural design was completed, a cost estimate of the structural system was 

performed. The structural components of the building were divided into several categories. The 

Revit model was used to determine the quantity of material within each category. The average 

national cost per unit for each category was then taken from RSMeans Building Construction 
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Cost Data (Plotner, 2014). These national averages include materials, labor, overhead, and profit. 

RSMeans Building Construction Cost Data also provided location factors, which are used to 

adjust the national averages to better reflect the desired location. This is done by multiplying the 

national average by the specific location factor divided by 100. The total structural cost estimate 

can be seen in Table 6. This total corresponds to approximately $30.27 per square foot for both 

buildings. A typical cost per square foot estimate for the structural components of a steel framed 

building, was taken from RSMeans Square Foot Costs as $25.48 per square foot (RSMeans, 

2010b).  

The vibration concerns of the elevated gym caused an increase in the cost of the 

structural system. To reduce the acceleration of the floor due to rhythmic forces, the beams and 

girders for the third floor of the Student building were increased, increasing the total cost for the 

project. A more detailed cost analysis along with the Worcester location factors can be seen in 

Appendix E. 
Table 6: Total structural cost estimate, adjusted using Worcester location factor 

 
 

  

Cost Including (O&P)
86,287.71$                           

338,211.59$                         
6,134.92$                             

17,115.54$                           
107,058.99$                         

24,604.82$                           
9,356.10$                             

35,959.67$                           
6,584.40$                             

36,790.71$                           
26,622.89$                           
38,719.12$                           
64,113.97$                           
30,103.30$                           
21,619.81$                           

849,283.56$                         

Slab on Grade (No Reinforcing)

Total =
WWF 6X6-W2.9XW2.9

3" Deep 20 Gauge Roof Deck
3" Deep 20 Gauge Composite Deck

Lightweight Elevated Slab (No Reinforcing)

Over 5 C.Y. Spread Footings (Reinforcing)

Normal Weight Elevated Slab (No Reinforcing)

Under 5 C.Y. Spread Footings (Reinforcing)

Component

Wall Footings (Reinforcing)
Frost Wall (Reinforcing)

Retaining Wall and Footing (Reinforcing)
Concrete Piers (Reinforcing)

Shear Studs
Beams, Girders, & Braces

Columns
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5.0 Fire Safety Design 
 Fire safety design is a very important part of the entire building design. Fire safety design 

is one of the driving factors in defining a number of building elements, such as the width of stairs 

and doors, the amount of exits needed, and the location of stairs for travel distance purposes. 

Specific egress requirements include identifying the occupancy and use classification of the 

different sections of the building, calculating the occupant load, which then allows for the 

calculation of the number of exits and their width, and then determining if the common path of 

travel and the travel distance meets code requirements. These specifications are factored by if a 

building is sprinklered or not. A sprinklered building has less strict requirements than a non-

sprinklered building due to the increased evacuation time occupant have.  

5.1 Egress analysis          
The architectural design must meet egress analysis requirements found in the 

International Building Code. Some references can be made in NFPA 101 Life Safety where 

applicable. 

5.1.1 Occupancy and Use Classification 

         Because the tower closes off all levels between the Administration and Student buildings 

except for the ground floor, the entire facility was split into two sections for analysis. Once the 

program and layout of the Student and Administration buildings were determined, methods of 

egress were calculated for each building to meet code. Per the International Building Code 

Chapter Three, Occupancy and Use Classification, the main occupancy type of this building is 

assembly, with incidental, storage, mercantile, and business use areas. Assembly type spaces are 

the most restrictive in regards to egress requirements. Although the Gateway Campus Center was 

analyzed as two buildings, it also meets the egress requirements when considered as one 

building.  
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5.1.2 Occupant Load 

When analyzing egress, 

the square footage of each room 

and its occupancy type need to be 

determined to calculate the 

occupant load. The square 

footage was taken from the rooms 

pre-designed in the architectural 

layouts. Once the room areas 

were known, Table 1004.1.1 in 

the IBC was used to determine 

the floor area per occupant 

allowed. This table provides the 

maximum floor area allowances 

dependent on the function of the particular space. The actual floor area was then divided by the 

table values for each room/space to determine the occupant load for that area. For example, if 

there is an exercise room that is 1000sqft, it can be seen that the floor area per occupant is 50 net. 

This would mean that the calculated occupant load for that area would be 20 people.  

All of the occupant loads for a specific 

floor were added together to determine the 

total occupant load for the floor. This was 

done to determine the required number of exits 

needed for the floor. The minimum number of 

exits for occupant loads were determined using Table 1021.1 in the IBC. For both the Student 

and Administration buildings, it was calculated that each building needs at least two exits per 

floor. The maximum occupant load was the Administration building basement, at 305 people, 

which is less than the 500 person limit for two exits. 

When determining exits, those on floors other than the ground level incorporated the 

main stairs as an available exit. This is allowed as long as each exit accounts for half of the 

level’s occupant’s load, as described in 1005.1. As per 1004.4 in the IBC, the exit requirements 

Figure 43: Maximum Floor Area Allowances 

Figure 44: Minimum Number of Exits for Occupant Load 
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for the building were determined on a floor-by-floor basis in regards to the occupant load. This is 

permissible as long as the exit capacity does not decrease in the direction of egress travel.  

 
Figure 45: Occupant Load and Required Number of Exits per Section per Floor 

5.1.3 Egress Width 

Once the occupant load was established per level, the egress width was determined. Exit 

widths were calculated by exit allowances of 0.2in/person for exit doors, and 0.3in/person for 

exit stairs, as per IBC 1005.1. The exit widths, rounded to the nearest inch, were determined by 

multiplying the total occupant load per floor by the exit allowance. When the exit widths were 

calculated, the available exit doors/stairs that met the widths defined the exit capacity of the 

floor. The exit capacity always needs to be greater than the occupant load for the floor.  

For the Gateway Campus Center design, the Administration building had an exit door 

requirement of 36 inches and an exit stair requirement of 44 inches. The basement level had 

three exit doors and one exit stair, since two of the exit doors led to the outdoor terrace. The 

Student building had an exit door requirement of 36 inches and an exit stair requirement of 45 

inches. The amount of exits and the total exit capacity per floor per building can be found in 

Table 7.  

For both the Student and Administration buildings, the main stairs needed to be at a 

minimum of the exit stair width for that building section because they are a part of the exit 

system. The tower has five exit doors, which is more than enough for the amount of square feet it 

FLOOR BUILDING USE
IBC CODE 

CLASSIFICATION
FLOOR AREA PER 

OCCUPANT
FLOOR AREA 

(SQFT)
OCCUPANT 

LOAD

TOTAL 
OCCUPANT 

LOAD

REQUIRED 
# OF EXITS

Fire Pump Room 131 0.44
Elevator Control Room 282 0.94

Outdoor Storage Storage 300 97 0.32
Lounge/Seating Assembly 7 2079 297

Tech Suites Business 100 539 5.39
Store Storage/loading 259 0.86

Kitchen Storage 189 0.63
Convienience Store 608 20.27

Coffee Bar 273 9.1
Lobby/Seating Assembly 7 1635 233.57
Janitor's Closet Storage 300 133 0.44
Resource Area 46 0.46

Conference Rooms 510 5.1
Offices 472 4.72

Lounge/Seating Assembly 7 1441 205.86
Loading Dock/Storage Storage 300 392 1.31
Elevator Control Room 103 0.34

Water Pump Room 117 0.39
Lobby/Seating Assembly 7 1234 176.29

Food Seating/Court Assembly 15 1789 119.27
Kitchen  Incidental 200 386 1.93

Tech Suites Business 100 909 9.09
Seating/Gaming Assembly 7 2012 287.43

Gym/Dance Studio 3438 68.76
Locker Rooms 585 11.70

2

ADMINISTRATION

304.09

264.43

216.58

Incidental 300

Basement

1

Storage

Mercantile

300

30

2

2

Assembly 50

2

2

2

Incidental 300

100Business

2

296.52

STUDENT

299.52

3

2

1

80.46
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covers, as well as for the connecting Student Building. The tower is considered to be a part of the 

Student Building, so the exit doors that are associated with it are a part of the Student Building 

egress design. 
Table 7: Exit Capacity per Section per Floor 

 
Initial designs considered the outdoor terrace of the Administration building to be an exit. 

Due to limited feasibility of site work and cost, this was changed to not be considered an exit. 

Because the outdoor terrace did not go to ground level, people would need to reenter the 

building, forcing the egress conditions of the Administration to accommodate this need. To 

satisfy the 305-person basement occupant load, both stair treads needed to be increased by two 

inches. This increased the exit stair width by four inches, but the length did not change due to the 

landings being of sufficient width. The updated exit capacity can be seen in Table 8.  
Table 8: Updated Exit Capacity per Section per Floor 

 
 In initial design phases, the Student building had the gym placed on the second floor and 

the recreational/game area on the third floor. Because the third level had the highest square 

footage, the gaming center had a large exit capacity. In this case, if the gaming floor was kept on 

FLOOR
TOTAL OCCUPANT 

LOAD
EXIT ALLOWANCE 

(IN/PERSON)
EXIT WIDTH (IN)

EXIT 
CAPACITY

Basement 305 0.3 (Stair) 46x2 307
1 265 0.2 (Door) 36x4 720

0.2 (Door) 36 180
0.3 (Stair) 46x2 307

1 300 0.2 (Door) 36X4 720
0.2 (Door) 36 180
0.3 (Stair) 45x2 300
0.2 (Door) 36 180
0.3 (Stair) 45x2 300

2 217
ADMINISTRATION

STUDENT
2 297

3 81
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the third level, the exit stair would have needed to be 56 inches in order to meet the elevated 

occupant load amount, a very large width for an exit stair. To address this concern, more tech 

suites were proposed on the floor to accommodate for more business occupancy and less 

assembly occupancy, decreasing the occupant load. Still, the occupant load did not decrease 

enough to make a significant reduction in the exit stair width. Due to this, the gym was moved to 

the third level because of a much smaller floor area per occupant multiplier, and the gaming level 

was moved to the smaller second floor. This allowed for the exit stair in the student section of 

the building to be 45 inches wide. Although the gym being moved from the second to the third 

floor was beneficial in regards to egress analysis, it presented an issue with vibration. Due to 

this, the floor was changed from normal weight to lightweight concrete.  

 The following figures illustrate the egress plans incorporated in each building. These 

plans include the representations of light blue egress stairs, dark blue egress doors, and orange 

directional arrows.  

 
Figure 46: Administration Building Basement Egress Plan 
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Figure 47: Administration Building First Floor Egress Plan 

 
Figure 48: Administration Building Second Floor Egress Plan 
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Figure 49: Student Building First Floor Egress Plan 

 
Figure 50: Student Building Second Floor Egress Plan 

50 
 



 

 
Figure 51: Student Building Third Floor Egress Plan 

5.1.4 Horizontal Exit 

Because the structure was broken up into two separate buildings in regards to egress 

systems, and one building typically is not allowed to have its egress system travel into another 

building, the tower was considered a horizontal exit for the Administration building. The main 

reason that this needed to be considered is because the tower is the main entry point into both 

sections of the structure, but is physically a part of the Student building, regarding egress. A 

horizontal exit, as per NFPA 101 7.2.4.1.2, is permitted to be substituted for other exits when the 

egress capacity and number of other exits is not less than half that is required.  A horizontal exit 

is a way of passage from one building to an area of refuge in another building on the same level. 

An area of refuge gives safety from fire and smoke from the area of incidence, as per NFPA 101 

3.3.83.1. A horizontal exit requires a two hour wall/partition and a one and a half hour fire door 

assembly fire rating, as per NFPA 101 Table 8.3.4.2.  

To achieve the necessary fire ratings that are required on the glass curtain walls, fire 

resistive glazing was analyzed. Different fire-rated glass wall panels have fire ratings of up to 

two hours and have up to Category II impact safety ratings. This is important for the exterior 

walls.  
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To achieve the ratings that are required by a horizontal exit, the exterior walls and ceiling 

of the tower, as well as the curtain wall between the tower and the Administration building, must 

have a two hour rating, while the curtain wall between the tower and the Student building must 

have a one hour rating. This is because the horizontal exit separates the tower from the 

Administration building, and is a part of the Student building. 

5.1.5 Travel Distance 

Travel distance also must analyzed in regards to an egress system. Because assembly type 

space is the majority of the building, and a person would have to go through assembly type 

spaces to reach the exit access, assembly travel 

distances are analyzed. Assembly travel distance 

is also the most restrictive among the occupancies 

within the building. As per section 1014.3 of the 

IBC, the common path of travel for egress cannot 

exceed seventy-five feet. The maximum travel 

distance within a sprinklered building is two 

hundred and fifty feet, as per Table 1016.1 in the 

IBC. Both of the sections of the Gateway Campus 

Center meet the sprinklered requirements, 

meaning the entire building can have a common 

path of travel of 250ft with the common path of travel being less than 75 ft.  

 Due to the Gateway Campus Center design meeting egress requirements of exit capacity, 

number of exits, travel distance, and common path of travel, the building meets code. 

5.2 Fire Protection Suppression Design  
 The Gateway Campus Center is fully sprinklered in accordance with NFPA 13. This code 

is prescriptive in how a building should be sprinklered regarding the hazard classification and the 

occupancy classification of the space. Dependent on the occupancy hazard and commodity 

classification of the space, different sprinklers will be used. Sprinklers vary by having different 

K-factors (orifice size), discharge densities (gpm) and pressures (psi). Depending on the 

occupancy hazard classification, the density per area can be determined by Figure 11.2.3.1.1 in 

NFPA 13, which is reproduced in Figure 53.  

Figure 52: Travel Distance 
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5.2.1 Occupancy Hazard and Commodity Classifications  

Each room within the Student and Administration buildings was analyzed individually to 

determine the occupancy hazard and if there was any commodity classification. In doing this, it 

was determined that the majority of the building would be light hazard with a sprinkler K-factor 

of 5.6, a discharge density of 0.1gpm over a design area of 1500 square feet. These results can be 

found in Error! Reference source not found..  
Table 9: Sprinkler Calculations 

 
Ordinary and extra hazards also are seen in the building. The loading docks, kitchen, 

janitor’s closet, and storage spaces are considered to be Ordinary Hazard Group 1 occupancies 

Figure 53: NFPA 13 Figure 11.2.3.1.1 Density/Area Curves 
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with the maximum commodity classification being Group A Plastics in the loading dock area for 

foods and packaging. These areas would also have sprinklers with a K-factor of 5.6, but would 

have a design density of 0.15gpm over a 1500 square foot design area. The convenience store 

would be considered an Ordinary Hazard Group 2 occupancy with the same sprinkler as before 

but having a design density of 0.2gpm over a 1500 square foot design area. The Extra Hazard 

Group 1 areas include the water pump/mechanical rooms in both sections of the building. These 

sprinklers have a K-factor of 11.2 and a design density of 0.3gpm over 2500 square feet. 

5.2.2 System Type  

As is generally practiced, a wet pipe sprinkler system was used for the Gateway Campus 

Center, since there was no area that would sustain temperatures under forty degrees for an 

extended period of time. Due to this, there would not be any chance of the sprinkler piping 

becoming frozen. The only area of concern would be the tower due to the constant opening of the 

entrance doors, and the structure being primarily of glass. Since this space was conditioned, and 

chance of HVAC failure is low, the chance of sprinklers freezing was not a concern.  

5.2.3 Pipe 

The sprinkler layouts for each floor of the building, as well as the tower, can be seen in 

Appendix K. The sprinkler system was laid out using Schedule 10 Black Steel Pipe in sections 

under fourteen feet, which is the standard for construction. Schedule 10 Black Steel Pipe was 

selected because the system considered is roll grooved, and as per NFPA 13 Section 6.3.2, 

Schedule 10 Pipe is to be used in pipes five inches or smaller.  

5.2.4 Sprinklers 

Three types of sprinklers were used. All three were Victaulic sprinklers, and the 

respective cut sheets can be seen in Appendix F. The three Victaulic sprinklers that were chosen 

include standard spray K-5.6 and K-11.2 sprinklers, and storage K-5.6 sprinklers. The sprinklers 

had a maximum 120 square foot coverage per sprinkler and were a maximum of seven and a half 

feet and a minimum of six inches off walls. Due to the unique architectural layout, the sprinkler 

system does not utilize normal branch lines or square design areas.  

Different orientations of sprinklers were used. For the Administration building, concealed 

pendent sprinklers were used, which were centered in 2’x2’ ACT ceiling tiles. In the Student 

building and the tower, upright sprinklers were used, due to the exposed construction. Because of 

54 
 



 

this, there was no need to conceal the sprinklers. Additionally, upright sprinklers can wet the 

structural components in the event of a fire.  

5.2.5 Water Supply and Hydraulic Analysis 

 Once the sprinkler system was laid out, a water supply needed to be determined. Since 

the Student and Administration buildings did not connect on each floor, two risers were placed in 

the Campus Center, one at each enclosed exit stair. The tower’s system was supplied through the 

main feed from the Student building third floor. Data on the available water supply was taken 

from a recent construction project on the lot adjacent to the site. The water flow test yielded a 

static pressure of 140psi, and a residual pressure of 135psi at a 1695gpm flow. This was obtained 

by the project manager of a recently built hotel on the adjacent lot, who took measurements on 

October 3, 2014. 

Hydraulic analysis was then performed on the sprinkler system to determine if a fire 

pump would be needed to supplement the water supply. A two and a half inch main was used on 

all floors of the building, and branch lines included one inch, one and a quarter inch, and one and 

a half inch, depending on how many sprinklers were on the line. One inch pipe was used on lines 

up to three sprinkler heads, one and a quarter inch pipe was used on parts of lines between three 

and five sprinkler heads, and one and a half inch pipe was used on parts of lines having more 

than five sprinkler heads. Three calculations were done on the third floor of the student building, 

and one was done on the second floor of the Administration building. Calculations were only 

done on the top floors of each building because each floor had similar numbers of sprinklers, so 

the maximum pressure would be on the top floor, where there would be the maximum amount of 

pressure loss due to elevation. 
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Table 10: Fire Protection Cost Analysis 

 
The test with the most demand was the tower design area. This area includes K-11.2 

sprinkler heads to account for the distance the water needs to travel from the ceiling of the tower 

to the ground level. This area is 51.1 psi under the available pressure and is also under the 

available flow, so the demand is less than the supply. This was good because this means that the 

system does not require a fire pump. The different hydraulic tests can be seen in Appendix G. 

The tower sprinkler system would need to be re-evaluated if this building design is taken 

into consideration for construction. This is due to the fact that the tower was designed after the 

sprinkler system. The system is sufficient for the enclosure of the tower, but the decision for a 

structural member protruding into the tower presents different obstruction issues. The new 

obstruction in the tower may require additional sprinkler protection depending on the size, 

location, and orientation of the obstruction. The requirements for this can be found in NFPA 13.  

5.2.6 Cost Analysis 

 A cost analysis was completed for the designed system. The system chosen for the 

Gateway Campus Center was a roll grooved system; a threaded system was also analyzed for 

Pipe Type Main
Size (in) 2.5 1 1.25 1.5

Basement 145 363 29
First Floor 255 798 93 5

Second Floor 315 912 116 10
Third Floor 215 579 88

Total 930 2652 326 15
27.50$         12.65$         14.70$       16.85$     

64,167.75$                      25,575.00$ 33,547.80$ 4,792.20$ 252.75$  

Pipe Type Main
Size (in) 2.5 1 1.25 1.5

Basement 145 363 29
First Floor 255 798 93 5

Second Floor 315 912 116 10
Third Floor 215 579 88

Total 930 2652 326 15
42.00$         18.85$         21.50$       24.00$     

96,419.20$                      39,060.00$ 49,990.20$ 7,009.00$ 360.00$  

Line
Schedule 40, threaded with couplings and cleavis hanger (labor and material)

Line

Roll Grooved

Threaded

Schedule 10, threaded with couplings and cleavis hanger (labor and material)
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comparison. The data for this cost analysis was found in the 2011 edition of R.S. Means 

Mechanical Cost Analysis, and then was pro-rated using the correct Worcester location factor of 

125.1 for 2015. Cost estimates were prepared for both pipe and pipe plus sprinklers. Both 

included the materials, labor, overhead, and profit. The total cost of the roll grooved system was 

calculated to be about $88,000, $40,000 less than the price of the threaded system.  
Table 11: Fire Protection Cost Analysis with Location Factor 

 
 Once the total price was known for the system, the price per square foot was calculated. 

This was done by dividing the total calculated cost for the system by the square footage total, 

28080sqft for the entire facility. By doing this, the cost per square foot for the entire system was 

$3.12/sqft. The calculated $4.55/sqft threaded system number was checked against a typical 

threaded system cost in San Francisco, CA to determine if the system cost per square feet is 

accurate. The information for the price per square foot for a typical threaded system in California 

was described in the San Francisco Department of Building Inspection paper of 2015 Cost 

Schedule. The location factor was adjusted to account for the change in location, but the 

Worcester, MA location was found to be $4.83/sqft, which is very close to the calculated 

$4.55/sqft for this project.  
Table 12: Cost Check per Square Foot 

 
 

 

 

  

2015
Grooved 80,273.86$   $2.86/sqft
Threaded 120,620.42$ $4.30/sqft
Grooved 87,508.36$   $3.12/sqft
Threaded 127,854.92$ $4.55/sqft

Worcester: 125.1 location factor
Pipe                   

(O and P)
Pipe+Sprinklers 

(O and P)

2015
28000 sqft $5.35/sqft

2015
28000 sqft $4.83/sqft

san francisco 138.6 location factor

125.1 location factor (worcester)
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6.0 HVAC Design 
 The HVAC design, referring to the heating, ventilation, and air conditioning, is an 

important factor of building design. The interior building systems or the MEP trade (mechanical, 

electrical, and plumbing) systems have a large impact on the comfort and operation of the 

building. These trades also tend to drive the cost of constructing the building and are important 

to consider throughout the entire design and construction process. 

6.1 Load Calculations and Discussion of Implications 
 To determine mechanical system sizing and capacity requirements for the HVAC system, 

Peak Cooling Load and Heating Load calculations must be performed. For the mechanical design 

of this building, the CLF/CLTD method for heating and cooling load calculation was used. To 

determine the building peak cooling load, factors such as building orientation, building location, 

glazing area, and the thermal properties of building materials all play an important role. Internal 

heat gains from people, lights, and equipment also have a significant impact upon the cooling 

load. For heating loads, the amount of heat loss through the surfaces of the building must be 

calculated. The heating system of the building is required to supply the heat loss from each room.  

When considering the design and implementation of heating, ventilating, and air-

conditioning system (HVAC) systems in a space, the primary function of the system is for the 

generation and maintenance of comfort for occupants in a conditioned space, and/or the 

supplying of a set of environmental conditions for a process (ASHRAE 2013, Chapter 1, 

Principles of Heating, Ventilating & Air Conditioning, 7th Ed). For the purposes of this report, 

an HVAC system was designed to provide year-round control of temperature, humidity, and 

airflow among other conditions. The design of this particular HVAC system must provide 

comfort for a wide range of building uses, spanning from a workout/gym area, to a conference 

room or technical suite.  

 Typically, a HVAC design engineer considers various system options and variations to 

choose a system that aligns well with the client’s intent for the project. In this case, Worcester 

Polytechnic Institute is committed to incorporating the values of sustainable design in all aspects 

of the building process. These design requirements will have a significant effect on the weight of 

the design criteria. The new Gateway Campus Center, as mentioned earlier, seeks to function as 

a center for the lower campus of WPI, providing this part of campus with a multi-use student and 
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faculty center. The multi-use nature of the building will also affect the criteria weighting for the 

design of the HVAC systems.  

Along with these important design considerations, there are many other criteria required 

in selecting an appropriate system. The graphic below, Figure 54, outlines the general process for 

HVAC system analysis and selection defined by the 2008 ASHRAE Handbook - HVAC Systems 

and Equipment.  

 
Figure 54: General HVAC system analysis and selection process defined by ASHRAE Handbook 

The first step in selecting an HVAC system for a building is to designate important goal 

criteria to the project. A design engineer must determine which criteria are important to the 

project in terms of satisfying both the design specifications, as well as owner preference. The 

team created a list of goal criteria for the project and identified the system constraints on the 

project as far as constructability and spatial requirements. The list of goal criteria that were 

determined to be pertinent to the HVAC design can be seen in Figure 55. 

 
Figure 55: List of goal criteria pertinent to the HVAC design 

Moving forward, once the goal criteria are established, they must be weighted to 

determine the importance of each criterion to the design. As mentioned previously, an initiative 

of all new WPI buildings is achieving LEED accreditation. Therefore sustainability is an 

important design criterion. In a typical system selection process, the owner or client would 
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provide the weighting for the goal criteria. Although the sustainability initiative for the WPI 

provides insight into the importance of sustainability in the design, without sponsor interaction, it 

is difficult to determine the importance of other goal criteria. Therefore, students in the 

architectural engineering department at Worcester Polytechnic Institute and other students 

familiar with the project were surveyed on their opinions of the importance of each goal criteria. 

Each student ranked each criterion on a scale from 1 to 5. The average score was then 

determined for each criterion, and this value was applied to the matrix as the weighted value 

associated with each goal criterion. 

For this project, the following HVAC system types were considered for the Gateway 

Campus Center:  

1. Single Duct CAV – Constant air volume system that conditions air at a central source. 

Supply and Return fans circulate the air through the occupied spaces and a master 

thermostat controls the central heating and cooling. There is no individual 

temperature control as the entire building is on one zone.  

2. Single Duct VAV with Radiators– Variable air volume system that conditions air at a 

central source. Supply and Return fans are used to circulate the air through the 

occupied spaces and thermostats control the temperature at each zone. There is a 

single run of duct that supplies cooling to the conditioned space. Baseboard radiators 

are used to heat the conditioned space. 

3. VAV with Fan Boxes – Variable air volume system is identical to the single duct 

VAV system with supplemental radiators except for the fact that it uses the fan box to 

heat and cool the space. The single run of duct supplies cooling to the conditioned 

space. The fan-powered boxes act as terminal heating units, using returned plenum air 

to help heat the required spaces.  

4. Dual Duct VAV - Variable air volume system that conditions air at a central source. 

The system uses a pair of side-by-side ducts that carry both heated and cooled air to 

each zone. The two airstreams mix locally at the zone to achieve the desired room 

temperature and conditions. This system provides excellent temperature control but 

requires two times the amount of ductwork.  

5. Geothermal Heat Pump – A system that provides heat from a source to a heat sink. A 

heat pump moves thermal energy opposed the direction of traditional heat flow, 
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pulling in heat from a cold space and releasing it to a warmer one. A geothermal heat 

pump uses underground pipes to capture the heat from the crust of the earth and 

transfer it to the conditioned space. The heat pump also removes hot air from the 

space in the summer and leaves cooler conditioned air. A geothermal heat pump 

system requires one pump per zone. 

6. Active Chilled Beam – Ducted primary air is supplied to the space to maintain 

ventilation and latent load requirements. The ducted air supply is used by the chilled 

beam to induce secondary air cross the heat transfer coil where it is reconditioned 

prior to mixing with the primary air that is being discharged into the space. The heat 

transfer coil accounts for the sensible load of the space and does not provide latent 

cooling or humidity control. 

7. DOAS/Radiant Cooling – Direct outside air system uses primary air directly from 

outside to meet the latent and humidification requirements of the conditioned space. 

The outdoor air also has the ability to handle some of the sensible load and improves 

indoor air quality and thermal comfort. A parallel radiant system is used to 

accommodate the sensible load of the space.  

8. Multiple Rooftops – A multiple rooftop system is similar to that of the geothermal 

heat pump system in that there is one unit per zone. However instead of the heat 

being rejected into a water loop, it is rejected directly outdoors to the air. Multiple 

rooftop units require several vertical ducts of supply air.  

After consideration of these systems, each was ranked for each of the goal criteria identified 

in Figure 55. Intensive research is required to compare similar systems and to determine the 

value that should be assigned to each system within each criterion. The ranking was based on a 

scale of 1 to 5, with 5 being superior performance in that category. For example, to determine the 

life cycle value assigned to each system, the building was modeled with Design Builder, an 

energy simulation software tool, to determine the building energy simulation. From there, an 

analysis of the life-cycle cost for each proposed system was performed to determine how each 

system ranked comparatively. Figure 56 below displays the final values assigned to all of the 

proposed HVAC systems for each criterion. 
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Once the system relative rankings were established, a decision matrix can be used to 

determine the best system for the criteria and constraints of the project. Using the weighted 

criteria and the assigned relative ranking values for each criterion by system, an ideal system can 

be chosen. The matrix takes the weighted value assigned to each criterion and multiplies it by the 

value assigned to each system for that particular criterion. For instance, if there was a system that 

was assigned a five (5) for Initial cost, meaning it was the most competitive of all the systems for 

initial cost, and the weighted value for initial cost was considered to be “Very Important” (5), the 

value for that system with the weighted criterion would be twenty-five (25). A total for each 

system would be determined by adding the weighted values for all 16 criterions. The system with 

the highest total would be the “best” system for the constraints and criteria specified by the 

project. Figure 57 shows the decision matrix used on the Gateway Campus Center to determine 

that Chilled Beam is the preferred system for the building. Figure 57 below displays the results 

of the system selection matrix.  

 

Figure 56: Final criteria rating used for HVAC system selection 
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Figure 57: HVAC System Selection Matrix 

However, although Chilled Beam scored the highest with the decision matrix, a 

sensitivity analysis was performed to see exactly what other alternative assumptions might cause 

another system to rank first. A sensitivity analysis is basically the practice of recalculating 

outcomes using different or alternative assumptions that differ from the initial assumptions. The 

goal is to determine if the alternative assumptions have any impact on the variable.  

To perform the sensitivity analysis on the initial decision matrix, scenarios for each 

criterion were created. Since each criterion’s weight was determined by an average of survey 

results, there were several criterion somewhere in between two integers. To determine the effect 

that each criterion would have on the overall system selection, a scenario was created for each 

criterion with a decimal value, and both the integer below and above the number were used to 

determine the effect of each criterion. For example, if the average for the weight of the initial 

cost criterion was determined to be a value of 4.5, scenarios would be created for an instance in 

which initial cost was weighted as a five (5) and for when it was weighted as a four (4). A 

scenario summary in Figure 58 includes the sensitivity analysis for a change in weighted value 

for all criteria. The scenario summary, displays the sensitivity analysis for all the criterion with 

standard rounding, actual value, and slight variations in each individual criterions’ ranking.  
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Figure 58: Sensitivity Analysis – HVAC System Selection 

Upon evaluation of sensitivity analyses results, there is conclusive data demonstrating 

that the initial findings of the decision matrix were inaccurate to a degree. In several of the 

alterations in the sensitivity analysis, VAV with Fan Boxes tied Chilled Beam as the best system 

for the Gateway Campus Center and on one occasion, it surpassed Chilled Beam. Upon further 

research and evaluation of each of these two systems it was decided that the building will use a 

combination of the two. The Administration building will use active chilled beams while the 

Student building and the tower will use a VAV system. After consultation with several sources, 

it was determined that chilled beam was not a preferred application for buildings with large 

assembly areas, cafeterias or gymnasiums. Since a majority of the architectural program of the 

Student building fell under these categories, it was determined that VAV would be a more viable 

solution due to its ability to exhaust large quantities of air and to offset the large sensible loads 

present in that section of the building.  

6.2 HVAC Systems Explained 

6.2.1 VAV – Variable Air Volume 

To better understand why VAV was chosen for the Student building, a further 

explanation of how VAV systems work is required. VAV or a variable air volume is an all air 

system that uses a central source to condition air. For the Student building, a single-packaged 
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central heating and cooling system was used. This system combines the capabilities of a boiler 

room and chimney with a chiller and a fan room. In the case of the Student building, the supply 

and return air are connected through the roof and ducted to the necessary zones. Figure 59 below 

is an example of a single-packaged unit. 

 
Figure 59: Single-packaged Air Handling Unit  

The two primary variations of VAV are single-duct and dual-duct systems. A single-duct 

system uses a single supply fan and single run of supply duct to condition each space. The supply 

duct provides each VAV box and its corresponding zone with primary air to condition the space. 

The units considered for the Student building were central cooling only; no heat, and require the 

use of terminal units to supplement the heating load. Due to the fact that several spaces within 

the Student building had varying solar loads, it was determined that a heating-changeover system 

would not be effective. Instead, it was determined that terminal heating in a few spaces would be 

a more cost efficient option. Instead of the entire system providing heating or cooling, the 

terminal units would deliver the required medium to the desired spaces. The variations of VAV 

with terminal heating will be discussed in Sections 6.2.1.1 VAV with Fan Boxes and 6.2.1.2. 

VAV is a versatile system that has the ability to supply large amounts of conditioned air to a 

space while supplying a small amount of air to another zone at the same time. This versatility is 

necessary in the Student building with several large assembly spaces throughout the building. 

Also, as specified earlier, the Student building has a large solar load that fluctuates throughout 

the day, VAV provides the system with the ideal flexibility to handle these varying loads.  
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6.2.1.1 VAV with Fan Boxes 

VAV terminal fan boxes are used as a terminal heating method to provide heating to 

some zones of a single-duct system. The two variations of fan-powered heat are parallel and 

series. A parallel fan-powered terminal unit operates by mixing warm plenum air with cool 

supply air that is provided at a minimum level. The fan from the terminal unit which is in parallel 

with the primary fan draws air from the plenum whenever the space requires heating. Parallel 

fan-powered terminal units are often used for perimeter zones and paired with single-duct units 

in interior spaces to operate efficiently.  

A series fan-powered terminal uses a constant air delivery to the space to provide heating 

and cooling. The fan operates whenever the unit is in occupied mode and the temperature of the 

air delivered varies. When the zone requires less cooling, the primary air damper closes and the 

mixed air that is supplied to the zone contains less cooled air and more warm air from the 

plenum. The terminal unit fan is in series with the central fan, and the air always passes from the 

central fan through the terminal unit fan. Series fan-powered terminal units are usually used in 

applications where a constant supply of ventilation air is required; spaces where this application 

is often used include lobbies, conference rooms, and more recently, office buildings. Figure 60 

displays typical series and parallel fan-powered terminal units. 

 
Figure 60: Fan-Powered Terminal Units 
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6.2.1.2 VAV with Reheat 

A single duct VAV can use a classic VAV terminal unit to supply heating to the zone 

when necessary. To do this, the single-duct terminal unit uses a reheat electrical or hot water 

coil. VAV with reheat is identical to single-duct VAV until the air enters the local ductwork. 

From there, the air passes over a heating coil before it is distributed to the zone diffusers. Local 

temperature control determines the flow of water or electricity to the reheat coil. This application 

is efficient and effective in providing close individual control of the zone temperature. Figure 61 

below provides a diagram of a typical single-duct VAV terminal reheat system.  

 
 

Figure 61: Single-Duct VAV Terminal Reheat System 

6.2.1.3 VAV Conclusions 

Upon further evaluation of the variations of VAV system types and the use of the system 

selection matrix, a combination of series fan-powered and single-duct reheat units were used to 

meet the diverse heating and cooling loads of the Student building. The series fan-powered 

terminal units were installed in the zones where a constant air flow was required; therefore they 

were placed in areas such as the cafeteria, lounge area and the gym.  

The single-duct reheat terminal units were placed in internal spaces where there is a 

minimum requirement for heating. These terminals effectively heat the interior spaces with 
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reheat while maintaining the ventilation minimum requirements. Section 6.3.1 outlines the 

building loads with Table 16 displaying the peak cooling load breakdown for each building. 

Appendix A provides the entire mechanical load summary. 

6.2.2 Active Chilled Beam 

Using the system selection matrix, and further research of active chilled beam systems, it 

was determined that the Administration building would be suitable for application of active 

chilled beams. Active chilled beams take advantage of the higher cooling efficiency of water 

over air to provide sensible cooling to a space. The chilled water heat exchanger cooling coils 

located on each beam help to cool the induced air. Figure 62 below shows the typical operation 

of an active chilled beam.  

 
Figure 62: Typical Operation of Active Chilled Beams 

In an active chilled beam, ducted primary air from the central air handling unit is supplied 

to each beam. The beam uses a combination of the supply air and recycled room air to supply the 

required cooling or heating for the space. In order to recondition the air from the space, the beam 

injects air into the space through a nozzle via the supply air while also inducing air across the 

cooling coils. The reconditioned air mixes with the primary air and is discharged into the space 

via a slot diffuser. The primary air supplied to the system must meet the ventilation or latent heat 

requirement while the sensible cooling load is met through the secondary cooling ability of the 

beam.  
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6.3 HVAC System Design 

6.3.1 Student Building Design: VAV  

With the selection of a Single Duct VAV system with fan boxes for the Student building, 

the cooling load and heating load of the building must be determined in order to properly size the 

systems and ductwork. The design conditions for this building were determined from the 

information provided in Tables 1.1 and A.9 of Air Conditioning principles and Systems by 

Edward G. Pita. Both of these charts were adapted from the ASHRAE Handbook. The tables are 

summarized below in Table 13 and Table 14, modified for this project’s purposes.  
Table 13: Outdoor Design Conditions 

 
Table 14: Indoor Air Design Conditions 

 
Heat transfer coefficient u-values must also be determined for all external surfaces for 

which there will be external heat gains for each room. The external wall for the building was 

designed to be a 16” thick wall with steel stud and brick. The wall section in Figure 63 provides 

a more detailed representation.  
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Figure 63: Detailed Wall Section 

The windows and glazing in the building are double paned, low-emissivity glass. Double-

paned glass has an increased cost but has significantly improved thermal properties to that of 

single thick glass. Table 15 provides the thermal properties of the building used to perform 

heating and cooling loads. 
Table 15: Building Component Thermal Properties 

 
The heat gain from each skin load and internal load were applied to each building space in order 

to determine the sensible and latent cooling load of the building at the peak load time. Table 16 

displays a breakdown of the peak cooling load by internal load and skin load for the Student 

building. A more comprehensive spreadsheet evaluated individual breakdown of each space can 

be found in Appendix A. 
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Table 16: Peak Cooling Load Breakdown 

 
Once peak cooling and heating loads are determined, duct layout and design was 

generated. The duct layout for the Student building was designed using the equal friction 

method. The ductwork was sized to account for an equal friction of .08 in. w. /100 ft. using table 

8.11 from “Air Conditioning Principles and Systems” a recommended air velocity of 1200 fpm 

(feet per minute) was chosen. The mechanical drawings in Appendix K: Drawings provide the 

double-line ductwork drawings for the Student building. A Trane Ductulator® was used to 

calculate the duct sizing. The sizing found using the Ductulator were checked with Autodesk 

Revit 2016, using the duct sizing feature to design to the specifications determined above. Hand 

checks of the duct sizing were compared the auto calculation to check that the sizing that Revit 

provided was accurate.  

Once peak cooling and heating loads were determined, a system selection spreadsheet 

developed by Ken Elovitz was used to select a rooftop unit for the Student Building. The unit 

selected is a High Efficiency 60 Hz, 40 Ton unit provided by Trane. Appendix H provides the 

selection spreadsheet used to select the rooftop unit for the Student building. 

One important feature of the design for the Student building was due to the architectural 

design decision to have exposed ductwork. With exposed ductwork, there were several 

mechanical design decisions used to help cut cost. Due to the fact that no diffusers are needed to 

provide air from the plenum through a drop down ceiling, side wall diffusers were mounted 

directly on the side of the duct runs for supply air. A similar strategy was used for the return 

ductwork. At the end of the duct runs for return duct, an elbow fitting was used and the upturned 
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end of the duct acted as the return “grille”. The exception to the exposed ductwork design is that 

of the exhaust system designed for the bathroom and locker rooms. In order to heat the restrooms 

and locker rooms in the Student building, radiant ceiling panels were selected. Due to the need 

for ceiling tiles, a drop-down ceiling was installed in these spaces.  

6.3.2 Student Building Design: Exhaust System 

The VAV system designed for the Student building supplies conditioned air to the 

permanently occupied spaces of the building. To account for the required air exhaust from spaces 

such as the bathrooms and locker rooms, a mushroom fan exhaust system was selected. The 

vertical run of duct was tucked inside the plumbing wall, removing the need for a separate shaft 

for this function. Appendix K: Drawings, drawings M-102, M-104, and M-106 provide the 

exhaust system in plan view.  

For design of the kitchen exhaust, due to the decision made in the architectural process to 

not design a fully functional kitchen, the exhaust requirements were significantly diminished. 

The architectural team decided to limit the functionality of the kitchen to reheating and storing 

previously cooked food that would be trucked from the existing kitchens of either the Rubin 

Campus Center or the Pulse On Dining Hall in Morgan Hall. Since there will not be any need for 

specific kitchen exhaust, the system from the kitchen must only be a general exhaust. Therefore, 

the exhaust for the kitchen was designed with a vertical run of duct running directly from the 

first floor of the student building to the roof of the student building. From there, this run of the 

duct runs horizontally across to the vertical run of duct that connects the bathroom and locker 

room exhaust system to the mushroom fan. Since there was no need for an additional kitchen 

system, the general exhaust drawn from the kitchen was ducted to the same exhaust fan that was 

described before.  

The kitchen exhaust system was designed for potential expansion. The vertical run of 

duct runs directly to the roof in case the owners were to decide to use a full kitchen and would 

need a dedicated kitchen exhaust system. In this scenario, the existing ductwork may be used but 

an additional exhaust fan could be added to handle the load. If there is no expansion needed, the 

kitchen exhaust will remain a part of the bathroom exhaust system.  

6.3.3 Administration Building Design 

The initial steps of the design process for the Active Chilled Beam system are similar to 

that of the steps taken in the Student building. The peak heating and cooling loads must also be 
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calculated on a space by space basis. However, after these calculations are performed, the 

amount of primary air that is required to offset the latent load or ventilation requirement 

specified by ASHRAE Standard 62.1 must be determined. Figure 64 provides the ventilation 

requirement per occupancy type. 

 
Figure 64: ASHRAE Ventilation Requirements 

With the use of Figure 64 and the ASHRAE standards, the primary requirement was 

determined for each of the spaces. Since chilled beam primary air accounts to offset the latent 

load and the ventilation requirement for the building, the larger of the two was selected, and this 

determined the amount of primary air supplied to each space. The Table 17 below shows the 

resulting ventilation requirements based upon the ASHRAE standards.  
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Table 17: Admin Building Ventilation Requirement 

 
The sensible cooling and heating loads for each space were then analyzed to properly size 

the chilled beam system. Consulting chilled beam specifications, the manufacturer supplies an 

approximate CFM/LF of beam that the primary flow can supply. Using the peak sensible cooling 

load required based upon the cooling load calculations, the linear feet of chilled beam for each 

space can be determined. To corroborate this calculation and account for the spacing of these 

beams, Trox, a manufacturer of chilled beams, provides a chilled beam selection program 

through an excel document.  

The selection program requires the engineer to designate the design conditions and 

entering air/water conditions. The program also requires the engineer to provide the sensible and 

latent cooling loads, as well as the heating load. Finally, the program requires an input for the 

CFM required to each space and the type of beam that the engineer desires. Room conditions are 

also included to provide information on the occupied space, such as area and the volume of the 

space, the occupied zone height; as well as the distance between each beam and the distance 
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from the beams to the outside walls of the space. The same calculation was done for the heating 

application of the chilled beam. However, before the selection program can be used, the engineer 

must determine the active chilled beam type to be used on the project. Due to sensible air 

requirements, noise limitations and heating capacity, the Trox DID632A active chilled beam was 

chosen. The performance data and specifications for this beam type are provided in Appendix J.  

The last distinction to be made in beam selection is the decision for between a 2-pipe or 

4-pipe setup. The 2-pipe allows for both cooling and heating in the system; however, it only 

allows for the entire system to either be cooling or heating and cannot heat one space while 

cooling another. The 4-pipe system has the ability to both heat and cool different spaces 

concurrently; however, it requires twice as much piping compared to the 2-pipe system. Initially 

the building was designed with a 2-pipe system but it was determined that a 4-pipe system would 

better suit the buildings requirements. A 4-pipe system would eliminate the possibility of 

“thermal shock” to the chiller or boiler.  

Basically, when changeover occurs in a 2-pipe system, there is the risk that “chilled” 

water (relatively cold) water would be supplied to the boiler and cause issues. Also, due to the 

basement floor, the Administration building requires winter cooling because of a minimal heat 

gain in the spaces. With a 2-pipe system, the system would not be able to provide winter cooling 

to the basement while providing heating to other spaces that need it.  

One benefit to the 2-pipe system that was not addressed is the fact that a 2-pipe system is 

often much less expensive than a 4-pipe system. In this case, however, the small building 

footprint does not require a great deal of pipe. Because of this, it was determined that the 

improved thermal comfort of the space outweighed the cost of installing the extra piping or the 

fact that a supplemental heating system would be needed in the basement if a 2-pipe system was 

chosen. Improved thermal comfort will be achieved since there is no changeover period; both 

heating and cooling will be able to be supplied simultaneously to the spaces.  

One noticeable issue with the active chilled beam system is that the capacity to cool the 

space is much better than the capacity to heat a space. Due to the superior performance of 

cooling vs. heating for the active chilled beam system, many of the chilled beams in the spaces 

had to be oversized in order to meet the heating requirement. Essentially, the cooling 

requirement for these spaces were met, however more chilled beams were needed to meet the 

heating requirement. In a few instances, a supplementary heating source was required to meet the 
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heating demand. Instead of designing to these specifications, the temperature of the hot water 

entering the beams was increased from 120 degrees Fahrenheit to 160 degrees Fahrenheit. Most 

standard condensing boilers can handle temperatures anywhere from 120-180 degrees 

Fahrenheit. This increase in the water temperature allowed for each space to use less beam length 

to achieve the same amount of heating as before. Table 18 provides a breakdown of the heating 

and cooling loads for each space with the selected chilled beams. The table displays the quantity 

of chilled beam and the length required to meet each load. Appendix K: Drawings, drawing M-

101, M-103, and M-105 provide the placement of the active chilled beams in plan on each floor. 
Table 18: Active Chilled Beam Schedule 

 
Once the new quantities of active chilled beams were determined, these calculations were 

checked against performance data for beam type and length. To determine that the sizing for 

each space was accurate, the Trox beam selection tool was checked with hand calculations. After 

checking the performance data, it was determined that the selection tool was accurate in 

determining length and number of active chilled beams required for each space. The performance 

data used for the beams is included in Appendix J.  

Contrary to the Student building, in the Administration building, drop-down ceilings 

were used to house the chilled beam system. This was due to a design decision that many of the 

spaces in the Administration building were smaller and would feel strangely proportioned with 

exposed ductwork and a lack of ceiling.  

One major design consideration for the Administration building was the selection of a 

DOAS (direct outside air system) system for the active chilled beam system. It is important to 

note that the exhaust requirements for the Administration building was approximately 1700 CFM 
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with an outside air requirement of about 1030 CFM; essentially there is a large amount of 

building exhaust vs. the outside air load. Because of this phenomena, it is imperative to use a 

DOAS system with a heat recovery unit built into it. The DOAS supplies the chilled beam with 

the primary air for the ventilation or a part of the sensible load; the secondary capacity of the 

beams supply the rest of the conditioned air required to meet the sensible load.  

 

6.3.4 Administration Building Design: Exhaust System 

The design of the exhaust system for the Administration was very similar to that of the 

system in the Student building, the small rooftop unit was selected to handle the loads of the 

restrooms. There are also several storage spaces that currently have not been considered. These 

spaces should be considered further to determine their exhaust requirements.  

6.3.5 Radiant Heating Ceiling Tiles 

To heat the restroom and locker room areas in both buildings, radiant heating ceiling tiles 

were chosen. As specified earlier, a drop-down ceiling was added to the bathroom and locker 

rooms to allow for the use of radiant heating ceiling tiles. This solution is a cost effective 

solution to providing heating on a room by room basis.   
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7.0 Implications and Analysis         
This project meets a growing need to further unify the community at Worcester 

Polytechnic Institute. With the expansion at Gateway Park including a new residence hall, there 

is more student activity within the area. To meet communally, students currently need to go to 

the main campus. To increase the sense of community within Gateway Park, a new campus 

center is being proposed to provide students and faculty with an additional center for resources, 

recreation, and academic space.  

7.1 Goals of the MQP 
This Major Qualifying Project meets the goals set forth in the beginning phases of the 

design. The goals met include:  

1. Understand how a building is designed and coordinated 

2. Develop an architectural design with energy analysis 

3. Develop a structural design and analysis 

4. Develop a mechanical building design and analysis 

5. Develop a fire protection suppression system design 

6. Develop a cost analysis 

The project meets these goals by including documents for architectural, structural, mechanical, 

and fire protection designs. This could not have been done without understanding how a building 

must be designed and coordinated. Once the building was designed, a cost analysis was included. 

7.2 LEED Certification 
The client for this particular project is Worcester Polytechnic Institute. In February of 

2007, WPI’s Board of Trustees passed a resolution that requires all new buildings on campus to 

be designed to meet the requirements of LEED certification. LEED, or Leadership in Energy and 

Environmental Design is a national rating system developed by the US Green Building Council 

(USGBC) and promotes a whole-building approach to sustainability (USGBC website). LEED is 

a practical rating tool that awards credits to buildings on the basis of the following categories: 

sustainable site development, water savings, energy efficiency, materials and resource selection, 

and indoor environmental quality. As quoted from WPI’s website on their sustainability 

initiative, “WPI is committed to being a campus that incorporates the values of sustainable 

design in all aspects of site and building design, construction, maintenance and operation 
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procedures.” WPI looks to become a leader in sustainability, and the design of this campus 

center must parallel this message.  

7.2.1 LEED v.4 Scorecard 

The project checklist below is the result of architectural, structural and mechanical 

decisions. Due to the stage of design development, certain assumptions were made in order to 

complete the LEED analysis. The analysis was performed the most updated version of LEED 

analysis, v.4, which focuses more on materials and performance of mechanical systems. These 

Assumptions made for the LEED v.4 analysis are listed in the Appendix I: LEED Analysis. The 

building was determined to meet LEED Silver.  

 

         
 
 
 

   
LEED v4 for BD+C: New Construction and Major Renovation 

 

    Project Checklist   

         

    Gateway Campus Center  

    3/4/2016 Submittal  

 Y ? N  

 Y 1   Credi 1  Integrative Process 1 

           
       Location and Transportation Possible Points:   16 
   0 N Credit 1 LEED for Neighborhood Development Location 16 

 Y 1   Credit 2 Sensitive Land Protection 1 

 Y 2   Credit 3 High Priority Site 2 

 Y 2   Credit 4 Surrounding Density and Diverse Uses 5 

 Y 3   Credit 5 Access to Quality Transit 5 

 Y 1   Credit 6 Bicycle Facilities 1 

 Y 1   Credit 7 Reduced Parking Footprint 1 

   0 N Credit 8 Green Vehicles  1 

         
       Sustainable Sites Possible Points:   10 

 Y   Prereq 1  Construction Activity Pollution Prevention Required 

 Y 1   Credit 1 Site Assessment 1 

 Y 2   Credit 2 Site Development--Protect or Restore Habitat 2 

 Y 1   Credit 3 Open Space 1 

 Y 1   Credit 4 Rainwater Management 3 

   0 N Credit 5 Heat Island Reduction 2 

   0 N Credit 6 Light Pollution Reduction 1 
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       Water Efficiency Possible Points:   11 
 Y   Prereq 1 Outdoor Water Use Reduction Required 

 Y   Prereq 2 Indoor Water Use Reduction Required 

 Y   Prereq 3 Building-Level Water Metering  Required 

 Y 2   Credit 1 Outdoor Water Use Reduction 2 

 Y 2   Credit 2 Indoor Water Use Reduction 6 

 Y 1   Credit 3 Cooling Tower Water Use 2 

 Y 1   Credit 4 Water Metering  1 

            
       Energy and Atmosphere Possible Points:   33 
 Y   Prereq 1 Fundamental Commissioning and Verification Required 

 Y   Prereq 2 Minimum Energy Performance Required 

 Y   Prereq 3 Building-Level Energy Metering Required 

 Y   Prereq 4 Fundamental Refrigerant Management Required 

 Y 3   Credit 1 Enhanced Commissioning 6 

 Y 6   Credit 2 Optimize Energy Performance 18 

 Y 1   Credit 3 Advanced Energy Metering 1 

 Y 1   Credit 4 Demand Response 2 

     N Credit 5 Renewable Energy Production 3 

 Y 1   Credit 6 Enhanced Refrigerant Management 1 

     N Credit 7 Green Power and Carbon Offsets 2 

         
       Materials and Resources Possible Points:   13 
 Y   Prereq 1  Storage and Collection of Recyclables Required 

 Y   Prereq 2  Construction and Demolition Waste Management Planning Required 

 Y 5   Credit 1 Building Life-Cycle Impact Reduction 5 

 Y 1   Credit 2 Building Product Disclosure and Optimization - Environmental Product Declarations 2 

 Y 1   Credit 3 Building Product Disclosure and Optimization - Sourcing of Raw Materials 2 

 Y 1   Credit 4 Building Product Disclosure and Optimization - Material Ingredients  2 

 Y 2   Credit 5 Construction and Demolition Waste Management  2 

            
       Indoor Environmental Quality Possible Points:   16 
 Y   Prereq 1  Minimum Indoor Air Quality Performance Required 

 Y   Prereq 2  Environmental Tobacco Smoke Control Required 

   1   Credit 1 Enhanced Indoor Air Quality Strategies 2 

 Y 3   Credit 2  Low-Emitting Materials 3 

 Y 1   Credit 3 Construction Indoor Air Quality Management Plan  1 

 Y 1   Credit 4 Indoor Air Quality Assessment 2 

 Y 1   Credit 5 Thermal Comfort 1 

 Y 2   Credit 6 Interior Lighting 2 

 Y 2   Credit 7 Daylight 3 

 Y 1   Credit 8 Quality Views 1 

     N Credit 9 Acoustic Performance 1 

         
       Innovation Possible Points:   6 
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 Y 3   Credit 1 Innovation   5 

   0 N Credit 2 LEED Accredited Professional 1 

         
       Regional Priority Possible Points:  4 
   0 N Credit 1 Regional Priority: Specific Credit  1 

   0 N Credit 2 Regional Priority: Specific Credit  1 

   0 N Credit 3 Regional Priority: Specific Credit  1 

   0 N Credit 4 Regional Priority: Specific Credit  1 

         
 59     Total     Possible Points:  110 
    Certified 40 to 49 points     Silver 50 to 59 points     Gold 60 to 79 points     Platinum 80 to 110  

 

7.3 Integration of Multiple Disciplines 
         The scope of the work completed within this report includes the architectural, structural, 

and mechanical concepts and designs for the proposed building. Each discipline needed to work 

together to make the building cohesive. The coordination between the architectural, structural, 

and mechanical disciplines was crucial to the overall design of the building. This coordination 

was necessary because all systems within the building must coexist in a predetermined area of 

space. The use of Revit for coordination was integral to the success of this project. Revit allowed 

easy coordination of changes between the disciplines. Each discipline was able to work on 

separate models which could be easily linked to see how they fit together within the building. 

7.4 Lessons for the Future 
 The major lessons from this project revolved around the ideas of constructability and 

coordination. All design decisions had to be made with multiple factors in mind in order to 

consider its overall impact on the building. Many design decisions have a direct impact on 

constructability. There are many situations when a design meets all the requirements, however, 

causes problems when it is implemented. This includes avoiding significant impacts with other 

disciplines. Coordination is, therefore, another large factor in the design of a structure. By 

understanding the general requirements of other disciplines and by constant communication, 

expensive and time consuming alterations can be avoided. Coordination and constructability 

work hand in hand in the design of a structure and they are both vitally important to the success 

of the structure. 
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7.5 Ideas for Future MQP’s 
This project encourages further development of the Gateway Campus. As the use of the 

Gateway Campus grows, more facilities will be required. This could include living spaces, 

academic buildings, etc. Future MQP groups could focus on developing plans for the further 

development of the Gateway Campus.  

Another idea for a future MQP is to advance with this project by performing and 

conducting project management tasks. This would include using the building systems designed 

in this project to create a detailed construction schedule along with a detailed cost estimate. 

These resources would allow WPI to further examine the feasibility of and resources required for 

the implementation of the Gateway Campus Center. 
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Appendix A: Mechanical Load Calculations 

Peak Load Summary 
Administration 
Building               
Skin Load BTUH % of Skin % of Total Internal Load BTUH % of Internal % of Total 
Roof 11611 20% 9% Light 36140 49% 27% 
                
Wall 9624 17% 7% People  25750 35% 20% 
                
Glass 36969 64% 28% Equipment 11650 16% 9% 
                
Total 58203 N/A 44% Total 73540 N/A 56% 
          
Total RSCL 131743 131.7 MBH Total RLCL 20600 20.6 MBH 
Student 
Building               
Skin Load BTUHS % of Skin % of Total Internal Load BTUHS % of Internal % of Total 
Roof 17028 11% 6% Light 46980 29% 15% 
                
Wall 10760 7% 3% People  40250 25% 13% 
                
Glass 121511 81% 39% Equipment 72031 45% 23% 
                
Total 149299 N/A 48% Total 159261 N/A 52% 
          
Total RSCL 308559 308.6 MBH Total RLCL 29200 29.2 MBH 
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Administration Building Part 1 
 

22-Mar-
2016   Gateway Campus Center     Roof Type 

          
1  Table A.6      

Double 
Glass 3/8"           

PEAKLOA
D   MQP       Susp'd Ceil'g? 1  

(1=Y,  
0=No)   

Floor to Clg 
Ht 13  Alum w/thermal break           

PEAK          Peak OSA Temp for -- 
Boston, MA (Logan 
Airport) Indoor Temp 76  F   Glass Ht 6  HEAT LOSS DATA           

   40  Degrees N. Lat    Daily Range 16  F      Inside 70  F          

          
CLFME
D         Outside 0  F          

                               

                          
Tin

/ Wall 
Hori

z Orien-  

 
Orie
n-      ........ Wall ........     ......... Glass ......... Room Roof 

Pea
k Peak Total    ....... Wall .......    .............. Glass ..................    ..... Roof ..... Heat 

Wal
l 

Glas
s 

# of 
Windows 

To
ut LM LM tation  

Room 
tatio
n 

Gross 
Wall Area 

Gr
p U  

Are
a U  SC Area U  

Mnt
h Hour S&T  

CLT
D 

BTU
H SHGF 

CL
F 

CLT
D BTUH 

CLT
D 

BTU
H Loss 

Lgt
h 

Lgt
h  

Cor
r Corr Corr Code  

Room 010 E 136.5 136.5 C 
0.0

5 0 
0.3

5 
0.8

1  127.6 0 9 16 177  26  177  203 
0.2

6  14 0  66  0  478  10.5 0 0 0 -3 -8 90   

Room 011 
N 195 195 C 

0.0
5 0 

0.3
5 

0.8
1  

127.6 
0 9 16 78  8  78  30 

0.7
4  14 0  66  0  683  15 0 0 0 -4 -8 1   

Room 011 
E 136.5 136.5 C 

0.0
5 0 

0.3
5 

0.8
1  

0 
0 9 16 177  26  177  203 

0.2
6  14 0  66  0  478  10.5 0 0 0 -3 -8 90   

Room 012 N 305.5 305.5 C 
0.0

5 0 
0.3

5 
0.8

1  
152.3

4 0 9 16 122  8  122  30 
0.7

4  14 0  66  0  1069  23.5 0 0 0 -4 -8 1   

Room 013 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
121.4

3 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 014 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
113.5

8 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 015 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
118.8

9 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 016 S 136.5 136.5 C 
0.0

5 0 
0.3

5 
0.8

1  97.25 0 9 16 205  30  205  200 
0.4

7  14 0  66  0  478  10.5 0 0 0 10 -8 180   

Room 017 W 266.5 266.5 C 
0.0

5 0 
0.3

5 
0.8

1  
132.5

6 0 9 16 173  13  173  203 
0.5

0  14 0  66  0  933  20.5 0 0 0 -3 -8 270   

Room 018 
SE 334.75 

334.7
5 C 

0.0
5 0 

0.3
5 

0.8
1  

189.1
7 

0 9 16 536  32  536  226 
0.3

3  14 0  66  0  1172  
25.7

5 0 0 0 4 -8 135   

Room 018 
SW 208 208 C 

0.0
5 0 

0.3
5 

0.8
1  

0 
0 9 16 229  22  229  226 

0.5
8  14 0  66  0  728  16 0 0 0 4 -8 225   

Room 019 
SW 126.75 

126.7
5 C 

0.0
5 0 

0.3
5 

0.8
1  85.56 0 9 16 139  22  139  226 

0.5
8  14 0  66  0  444  9.75 0 0 0 4 -8 225   

Assembly 
01 E 65 65 C 

0.0
5 0 

0.3
5 

0.8
1  

1293.
55 0 9 16 85  26  85  203 

0.2
6  14 0  66  0  228  5 0 0 0 -3 -8 90   

Assembly 
02 N 682.5 682.5 C 

0.0
5 0 

0.3
5 

0.8
1  466.1 0 9 16 273  8  273  30 

0.7
4  14 0  66  0  2389  52.5 0 0 0 -4 -8 1   

Assembly 
03 S 260 260 C 

0.0
5 0 

0.3
5 

0.8
1  

295.1
9 0 9 16 390  30  390  200 

0.4
7  14 0  66  0  910  20 0 0 0 10 -8 180   

Shaft 0 
E 188.5 188.5 C 

0.0
5 0 

0.3
5 

0.8
1  

71.78 
0 9 16 245  26  245  203 

0.2
6  14 0  66  0  660  14.5 0 0 0 -3 -8 90   

Shaft 0 
S 185.25 

185.2
5 C 

0.0
5 0 

0.3
5 

0.8
1  

0 
0 9 16 278  30  278  200 

0.4
7  14 0  66  0  648  

14.2
5 0 0 0 10 -8 180   
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Stair S0 
W 269.75 

269.7
5 C 

0.0
5 0 

0.3
5 

0.8
1  

163.7 
0 9 16 175  13  175  203 

0.5
0  14 0  66  0  944  

20.7
5 0 0 0 -3 -8 270   

Stair S0 
S 130 130 C 

0.0
5 0 

0.3
5 

0.8
1  

0 
0 9 16 195  30  195  200 

0.4
7  14 0  66  0  455  10 0 0 0 10 -8 180   

Room 101 N 760.5 652.5 C 
0.0

5 108 
0.3

5 
0.8

1  
594.4

3 0 9 16 2732  8  261  30 
0.7

4  14 2471  66  0  4930  58.5 18 6 0 -4 -8 1   

Room 102 N 195 195 C 
0.0

5 0 
0.3

5 
0.8

1  88.18 0 9 16 78  8  78  30 
0.7

4  14 0  66  0  683  15 0 0 0 -4 -8 1   

Room 
102A W 266.5 266.5 C 

0.0
5 0 

0.3
5 

0.8
1  

149.7
3 0 9 16 173  13  173  203 

0.5
0  14 0  66  0  933  20.5 0 0 0 -3 -8 270   

Room 103 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  113.5 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 104 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
119.8

9 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 105 
SE 334.75 

334.7
5 C 

0.0
5 0 

0.3
5 

0.8
1  189.4 0 9 16 536  32  536  226 

0.3
3  14 0  66  0  1172  

25.7
5 0 0 0 4 -8 135   

Room 105 
SW 208 208 C 

0.0
5 0 

0.3
5 

0.8
1  0 0 9 16 229  22  229  226 

0.5
8  14 0  66  0  728  16 0 0 0 4 -8 225   

Room 106 SW 126.75 
126.7

5 C 
0.0

5 0 
0.3

5 
0.8

1  85.56 0 9 16 139  22  139  226 
0.5

8  14 0  66  0  444  9.75 0 0 0 4 -8 225   

Assembly 
100 

N 234 162 C 
0.0

5 72 
0.3

5 
0.8

1  
1601.

66 0 9 16 1712  8  65  30 
0.7

4  14 1648  66  0  2331  18 12 4 0 -4 -8 1   

Assembly 
100 

E 344.5 200.5 C 
0.0

5 144 
0.3

5 
0.8

1  0 0 9 16 7123  26  261  203 
0.2

6  14 6862  66  0  4230  26.5 24 8 0 -3 -8 90   

Assembly 
101 S 383.5 275.5 C 

0.0
5 108 

0.3
5 

0.8
1  

376.8
9 0 9 16 9166  30  413  200 

0.4
7  14 8752  66  0  3610  29.5 18 6 0 10 -8 180   

Shaft 1 
E 188.5 188.5 C 

0.0
5 0 

0.3
5 

0.8
1  71.78 0 9 16 245  26  245  203 

0.2
6  14 0  66  0  660  14.5 0 0 0 -3 -8 90   

Shaft 1 
S 185.25 

185.2
5 C 

0.0
5 0 

0.3
5 

0.8
1  0 0 9 16 278  30  278  200 

0.4
7  14 0  66  0  648  

14.2
5 0 0 0 10 -8 180   

Stair S1 
W 269.75 

269.7
5 C 

0.0
5 0 

0.3
5 

0.8
1  163.7 0 9 16 175  13  175  203 

0.5
0  14 0  66  0  944  

20.7
5 0 0 0 -3 -8 270   

Stair S1 
S 130 130 C 

0.0
5 0 

0.3
5 

0.8
1  0 0 9 16 195  30  195  200 

0.4
7  14 0  66  0  455  10 0 0 0 10 -8 180   

Room 201 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
140.5

6 0.05 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  464  492  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 202 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
120.8

6 0.05 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  399  423  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 203 
SE 334.75 

298.7
5 C 

0.0
5 36 

0.3
5 

0.8
1  189.4 0.05 9 16 3454  32  478  226 

0.3
3  14 2351  66  625  2591  

25.7
5 6 2 0 4 -8 135   

Room 203 
SW 208 190 C 

0.0
5 18 

0.3
5 

0.8
1  0 0.05 9 16 2208  22  209  226 

0.5
8  14 1999  66  0  1106  16 3 1 0 4 -8 225   

Room 204 SW 126.75 
126.7

5 C 
0.0

5 0 
0.3

5 
0.8

1  85.56 0.05 9 16 422  22  139  226 
0.5

8  14 0  66  282  743  9.75 0 0 0 4 -8 225   

Room 205 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
119.8

9 0.05 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  396  420  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 206 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  113.5 0.05 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  375  397  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Room 207 S 156 156 C 
0.0

5 0 
0.3

5 
0.8

1  37.02 0.05 9 16 356  30  234  200 
0.4

7  14 0  66  122  676  12 0 0 0 10 -8 180   

Room 208 S 234 216 C 
0.0

5 18 
0.3

5 
0.8

1  
196.5

8 0.05 9 16 2431  30  324  200 
0.4

7  14 1459  66  649  1885  18 3 1 0 10 -8 180   

Room 209 W 273 273 C 
0.0

5 0 
0.3

5 
0.8

1  
129.6

9 0.05 9 16 605  13  177  203 
0.5

0  14 0  66  428  1409  21 0 0 0 -3 -8 270   

Room 210 N 253.5 235.5 C 
0.0

5 18 
0.3

5 
0.8

1  
265.5

6 0.05 9 16 1382  8  94  30 
0.7

4  14 412  66  876  2195  19.5 3 1 0 -4 -8 1   
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Assembly 
201 N 923 779 C 

0.0
5 144 

0.3
5 

0.8
1  

1735.
3 0.05 9 16 9333  8  312  30 

0.7
4  14 3295  66  5727  

1232
8  71 24 8 0 -4 -8 1   

Assembly 
201 E 344.5 182.5 C 

0.0
5 162 

0.3
5 

0.8
1  0 0.05 9 16 7957  26  237  203 

0.2
6  14 7720  66  0  4608  26.5 27 9 0 -3 -8 90   

Assembly 
202 - 0 0 C 

0.0
5 0 

0.3
5 

0.8
1  

148.9
1 0.05 9 16 N/A N/A N/A N/A 

N/
A N/A N/A 66  491  521  0 0 0 0 

#VALU
E! -8 

#VALU
E!   

Shaft 3 
S 185.25 

185.2
5 C 

0.0
5 0 

0.3
5 

0.8
1  71.78 0.05 9 16 515  30  278  200 

0.4
7  14 0  66  237  900  

14.2
5 0 0 0 10 -8 180   

Shaft 3 
E 188.5 188.5 C 

0.0
5 0 

0.3
5 

0.8
1  0 0.05 9 16 245  26  245  203 

0.2
6  14 0  66  0  660  14.5 0 0 0 -3 -8 90   

Stair S3 
S 130 130 C 

0.0
5 0 

0.3
5 

0.8
1  163.7 0.05 9 16 735  30  195  200 

0.4
7  14 0  66  540  1028  10 0 0 0 10 -8 180   

Stair S3 
W 269.75 

269.7
5 C 

0.0
5 0 

0.3
5 

0.8
1  0 0.05 9 16 175  13  175  203 

0.5
0  14 0  66  0  944  

20.7
5 0 0 0 -3 -8 270   

 

Administration Building Part 2 
 

22-Mar-2016    COOLING LOAD CALCULATION     Indoor T:  76  F           

PEAKLOAD    Gateway Campus Center             Supply Air Temp:  56 F           

LOAD    MQP                       Ceiling "U":  0.33             

                   Return Plenum (1-Y, 0-N):   1  h out:  37.4 Btu/lb       

                 Recessed lights to plenum: 0%   h in:  28.7 Btu/lb       

                        

     S&T  Recessd Other       Calc'd        Plenum Initial Rm Sens 

 Orien- Peak  Peak Ceil'g BTUH  Fluor. Light'g Appli Occs. @ Ceil'g Rm Sens Calc'd Plenum OSA Rm Latent TOTAL Ht Loss Plenum Plenum  Wall  Plenum BTUH  

Room tation Month Hour Area  w/o roof Lights Watts  BTUH 250 BTUH  BTUH  CFM  Rise CFM BTUH BTUH Btuh* DTavg DTtemp Proof Area  Ht Gain w/o Ceil 

Room 010 E 9 16 127.6 177  127.6   850 2 0  1963  90   0 400 2363  478  0.0  0.0  0.0    0  1963  

Room 011 N 9 16 127.6 78  127.6   850 0 0  1363  60     0 1363  683  0.0  0.0  0.0    0  1363  

Room 011 E 9 16 0 177  0   0 2 0  677  30     400 1077  478  0.0  0.0  0.0        

Room 012 N 9 16 152.34 122  152.34   850 2 0  1992  90     400 2392  1069  0.0  0.0  0.0    0  1992  

Room 013 - 9 16 121.43 0  121.43   850 2 0  1764  80     400 2164  0  0.0  0.0  0.0    0  1764  

Room 014 - 9 16 113.58 0  113.58   0 0 0  388  20     0 388  0  0.0  0.0  0.0    0  388  

Room 015 - 9 16 118.89 0  118.89   0 0 0  406  20     0 406  0  0.0  0.0  0.0    0  406  

Room 016 S 9 16 97.25 205  97.25   0 0 0  537  25     0 537  478  0.0  0.0  0.0    0  537  
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Room 017 W 9 16 132.56 173  132.56   0 0 0  626  30     0 626  933  0.0  0.0  0.0    0  626  

Room 018 SE 9 16 189.17 536  189.17   1000 0 0  2181  100     0 2181  1172  0.0  0.0  0.0    0  2181  

Room 018 SW 9 16 0 229  0   0 0 0  229  10     0 229  728  0.0  0.0  0.0    0  229  

Room 019 SW 9 16 85.56 139  85.56   0 0 0  431  20     0 431  444  0.0  0.0  0.0    0  431  

Assembly 01 E 9 16 1293.55 85  1293.55   1000 20 0  10499  475     4000 14499  228  0.0  0.0  0.0    0  10499  

Assembly 02 N 9 16 466.1 273  466.1   0 5 0  3114  140     1000 4114  2389  0.0  0.0  0.0    0  3114  

Assembly 03 S 9 16 295.19 390  295.19   0 0 0  1397  65     0 1397  910  0.0  0.0  0.0    0  1397  

Shaft 0 E 9 16 71.78 245  71.78   0 0 0  490  20     0 490  660  0.0  0.0  0.0    0  490  

Shaft 0 S 9 16 0 278  0   0 0 0  278  15     0 278  648  0.0  0.0  0.0    0  278  

Stair S0 W 9 16 163.7 175  163.7   0 0 0  734  35     0 734  944  0.0  0.0  0.0    0  734  

Stair S0 S 9 16 0 195  0   0 0 0  195  10     0 195  455  0.0  0.0  0.0    0  195  

Room 101 N 9 16 594.43 2732  594.43   1000 5 0  7011  320     1000 8011  4930  0.0  0.0  0.0    0  7011  

Room 102 N 9 16 88.18 78  88.18   0 0 0  379  15     0 379  683  0.0  0.0  0.0    0  379  

Room 102A W 9 16 149.73 173  149.73   0 0 0  684  30     0 684  933  0.0  0.0  0.0    0  684  

Room 103 - 9 16 113.5 0  113.5   0 0 0  387  20     0 387  0  0.0  0.0  0.0    0  387  

Room 104 - 9 16 119.89 0  119.89   0 0 0  409  20     0 409  0  0.0  0.0  0.0    0  409  

Room 105 SE 9 16 189.4 536  189.4   1000 2 0  2682  120     400 3082  1172  0.0  0.0  0.0    0  2682  

Room 105 SW 9 16 0 229  0   0 0 0  229  10     0 229  728  0.0  0.0  0.0    0  229  

Room 106 SW 9 16 85.56 139  85.56   0 0 0  431  20     0 431  444  0.0  0.0  0.0    0  431  

Assembly 100 N 9 16 1601.66 1712  1601.66   0 20 0  12179  555     4000 16179  2331  0.0  0.0  0.0    0  12179  

Assembly 100 E 9 16 0 7123  0   0 0 0  7123  325     0 7123  4230  0.0  0.0  0.0    0  7123  

Assembly 101 S 9 16 376.89 9166  376.89   0 10 0  12952  590     2000 14952  3610  0.0  0.0  0.0    0  12952  

Shaft 1 E 9 16 71.78 245  71.78   0 0 0  490  20     0 490  660  0.0  0.0  0.0    0  490  

Shaft 1 S 9 16 0 278  0   0 0 0  278  15     0 278  648  0.0  0.0  0.0    0  278  

Stair S1 W 9 16 163.7 175  163.7   0 0 0  734  35     0 734  944  0.0  0.0  0.0    0  734  

Stair S1 S 9 16 0 195  0   0 0 0  195  10     0 195  455  0.0  0.0  0.0    0  195  

Room 201 - 9 16 140.56 -464  140.56   850 1 0  1116  50     200 1780  492  4.2  8.4  463.8    464  1116  

Room 202 - 9 16 120.86 -399  120.86   850 1 0  1114  50     200 1712  423  3.6  7.3  398.8    399  1114  
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Room 203 SE 9 16 189.4 2829  189.4   850 1 0  4576  210     200 5401  2591  1.4  2.7  625.0    625  4576  

Room 203 SW 9 16 0 2208  0   0 0 0  2208  100     0 2208  1106  0.0  0.0  0.0    0  2208  

Room 204 SW 9 16 85.56 139  85.56   0 0 0  431  20     0 714  743  6.4  12.8  282.3    282  431  

Room 205 - 9 16 119.89 -396  119.89   0 0 0  14  0     0 409  420  #DIV/0! #DIV/0! 395.6    396  14  

Room 206 - 9 16 113.5 -375  113.5   0 0 0  13  0     0 387  397  #DIV/0! #DIV/0! 374.6    375  13  

Room 207 S 9 16 37.02 234  37.02   0 0 0  360  15     0 483  676  3.7  7.4  122.2    122  360  

Room 208 S 9 16 196.58 1783  196.58   850 5 0  4554  205     1000 6202  1885  1.4  2.9  648.7    649  4554  

Room 209 W 9 16 129.69 177  129.69   0 0 0  620  30     0 1048  1409  6.5  13.0  428.0    428  620  

Room 210 N 9 16 265.56 506  265.56   850 5 0  3512  160     1000 5389  2195  2.5  5.0  876.3    876  3512  

Assembly 201 N 9 16 1735.33 3607  1735.33   0 20 0  14529  660     4000 24256  12328  3.9  7.9  5726.6    5727  14529  

Assembly 201 E 9 16 0 7957  0   0 0 0  7957  360     0 7957  4608  0.0  0.0  0.0    0  7957  

Assembly 202 - 9 16 148.91 -491  148.91   0 0 0  17  0     0 508  521  #DIV/0! #DIV/0! 491.4    491  17  

Shaft 3 S 9 16 71.78 278  71.78   0 0 0  523  25     0 760  900  4.3  8.6  236.9    237  523  

Shaft 3 E 9 16 0 245  0   0 0 0  245  10     0 245  660  0.0  0.0  0.0    0  245  

Stair S3 S 9 16 163.7 195  163.7   0 0 0  754  35     0 1294  1028  7.0  14.0  540.2    540  754  

Stair S3 W 9 16 0 175  0   0 0 0  175  10     0 175  944  0.0  0.0  0.0    0  175  

 

Student Building Part 1 
23-Mar-
2016   Project Identification 1     Roof Type 

          
1  Table A.6      

Double 
Glass 3/8"          

PEAKLO
AD   

Project 
Identification 2       Susp'd Ceil'g? 1  

(1=Y,  
0=No)   

Floor to Clg 
Ht 13  Alum w/thermal break          

PEAK          Peak OSA Temp for -- 
Boston, MA (Logan 
Airport) Indoor Temp 76  F   Glass Ht 6  HEAT LOSS DATA          

   40  Degrees N. Lat    Daily Range 16  F      Inside 70  F         

          
CLFM
ED         Outside 0  F         

                              

                          
Tin

/ Wall 
Hori

z Orien- 

 
Orie
n-      ........ Wall ........     ......... Glass ......... 

Roo
m Roof 

Pea
k Peak Total    ....... Wall .......    .............. Glass ..................    ..... Roof ..... Heat 

Wa
ll 

Gla
ss 

# of 
Windows 

To
ut LM LM tation 

Room 
tatio
n 

Gross 
Wall Area 

Gr
p U  

Are
a U  SC Area U  

Mnt
h Hour S&T  

CLT
D 

BTU
H SHGF 

CL
F 

CLT
D BTUH 

CLT
D 

BTU
H Loss 

Lgt
h 

Lgt
h  

Cor
r Corr Corr Code 
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Room 107 
N 422.5 314.5 C 

0.0
5 108 

0.3
5 

0.8
1  

458.
21 0 9 16 2597  8  126  30 

0.7
4  14 2471  66  0  3747  

32.
5 18 6 0 -4 -8 1 

Room 107 
W 416 236 C 

0.0
5 180 

0.3
5 

0.8
1  0 0 9 16 15834  13  153  203 

0.5
0  14 15681  66  0  5236  32 30 10 0 -3 -8 270 

Room 108 
NE 214.5 214.5 C 

0.0
5 0 

0.3
5 

0.8
1  

102.
97 0 9 16 182  17  182  87 

0.2
6  14 0  66  0  751  

16.
5 0 0 0 -5 -8 45 

Room 108 
NW 214.5 214.5 C 

0.0
5 0 

0.3
5 

0.8
1  0 0 9 16 86  8  86  87 

0.4
2  14 0  66  0  751  

16.
5 0 0 0 -5 -8 315 

Room 109 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
78.1

4 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E! 

Room 110 N 344.5 308.5 C 
0.0

5 36 
0.3

5 
0.8

1  
356.

29 0 9 16 947  8  123  30 
0.7

4  14 824  66  0  1962  
26.

5 6 2 0 -4 -8 1 

Room 111 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
119.

73 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E! 

Room 112 E 468 468 C 
0.0

5 0 
0.3

5 
0.8

1  
386.

89 0 9 16 608  26  608  203 
0.2

6  14 0  66  0  1638  36 0 0 0 -3 -8 90 

Room 113 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
222.

31 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E! 

Room 114 S 409.5 409.5 C 
0.0

5 0 
0.3

5 
0.8

1  
208.

85 0 9 16 614  30  614  200 
0.4

7  14 0  66  0  1433  
31.

5 0 0 0 10 -8 180 

Shaft 2 N 58.5 58.5 C 
0.0

5 0 
0.3

5 
0.8

1  
14.2

1 0 9 16 23  8  23  30 
0.7

4  14 0  66  0  205  4.5 0 0 0 -4 -8 1 

Stair S2 
N 253.5 253.5 C 

0.0
5 0 

0.3
5 

0.8
1  

154.
86 0 9 16 101  8  101  30 

0.7
4  14 0  66  0  887  

19.
5 0 0 0 -4 -8 1 

Stair S2 
E 143 143 C 

0.0
5 0 

0.3
5 

0.8
1  0 0 9 16 186  26  186  203 

0.2
6  14 0  66  0  501  11 0 0 0 -3 -8 90 

Assembly 
103 

S 975 813 C 
0.0

5 162 
0.3

5 
0.8

1  
2781

.4 0 9 16 14348  30  1220  200 
0.4

7  14 13128  66  0  6815  75 27 9 0 10 -8 180 

Assembly 
103 

W 240.5 150.5 C 
0.0

5 90 
0.3

5 
0.8

1  0 0 9 16 7938  13  98  203 
0.5

0  14 7840  66  0  2732  
18.

5 15 5 0 -3 -8 270 

Assembly 
104 

E 52 52 C 
0.0

5 0 
0.3

5 
0.8

1  
66.3

4 0 9 16 68  26  68  203 
0.2

6  14 0  66  0  182  4 0 0 0 -3 -8 90 

Room 211 W 416 236 C 
0.0

5 180 
0.3

5 
0.8

1  
224.

68 0 9 16 15834  13  153  203 
0.5

0  14 15681  66  0  5236  32 30 10 0 -3 -8 270 

Room 212 N 422.5 314.5 C 
0.0

5 108 
0.3

5 
0.8

1  
188.

69 0 9 16 2597  8  126  30 
0.7

4  14 2471  66  0  3747  
32.

5 18 6 0 -4 -8 1 

Room 213 
NE 214.5 214.5 C 

0.0
5 0 

0.3
5 

0.8
1  

102.
97 0 9 16 182  17  182  87 

0.2
6  14 0  66  0  751  

16.
5 0 0 0 -5 -8 45 

Room 213 
NW 214.5 214.5 C 

0.0
5 0 

0.3
5 

0.8
1  0 0 9 16 86  8  86  87 

0.4
2  14 0  66  0  751  

16.
5 0 0 0 -5 -8 315 

Room 214 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
78.1

4 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E! 

Room 215 N 344.5 308.5 C 
0.0

5 36 
0.3

5 
0.8

1  
314.

33 0 9 16 947  8  123  30 
0.7

4  14 824  66  0  1962  
26.

5 6 2 0 -4 -8 1 

Room 216 
E 468 468 C 

0.0
5 0 

0.3
5 

0.8
1  

154.
86 0 9 16 608  26  608  203 

0.2
6  14 0  66  0  1638  36 0 0 0 -3 -8 90 

Room 217 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
222.

31 0 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E! 

Room 218 S 403 403 C 
0.0

5 0 
0.3

5 
0.8

1  
208.

85 0 9 16 605  30  605  200 
0.4

7  14 0  66  0  1411  31 0 0 0 10 -8 180 

Room 219 S 377 359 C 
0.0

5 18 
0.3

5 
0.8

1  
191.

66 0 9 16 1997  30  539  200 
0.4

7  14 1459  66  0  1698  29 3 1 0 10 -8 180 

Shaft 4 N 58.5 58.5 C 
0.0

5 0 
0.3

5 
0.8

1  
14.2

1 0 9 16 23  8  23  30 
0.7

4  14 0  66  0  205  4.5 0 0 0 -4 -8 1 

Stair S4 
N 253.5 253.5 C 

0.0
5 0 

0.3
5 

0.8
1  

154.
86 0 9 16 101  8  101  30 

0.7
4  14 0  66  0  887  

19.
5 0 0 0 -4 -8 1 

92 
 



 

Stair S4 
E 143 143 C 

0.0
5 0 

0.3
5 

0.8
1  0 0 9 16 186  26  186  203 

0.2
6  14 0  66  0  501  11 0 0 0 -3 -8 90 

Assembly 
203 

W 247 139 C 
0.0

5 108 
0.3

5 
0.8

1  
2573

.1 0 9 16 9499  13  90  203 
0.5

0  14 9408  66  0  3133  19 18 6 0 -3 -8 270 

Assembly 
203 

S 598 472 C 
0.0

5 126 
0.3

5 
0.8

1  0 0 9 16 10919  30  708  200 
0.4

7  14 10211  66  0  4739  46 21 7 0 10 -8 180 

Assembly 
204 E 52 52 C 

0.0
5 0 

0.3
5 

0.8
1  

108.
15 0 9 16 68  26  68  203 

0.2
6  14 0  66  0  182  4 0 0 0 -3 -8 90 

Assembly 
205 - 0 0 C 

0.0
5 0 

0.3
5 

0.8
1  

30.6
8 0 9 16 N/A N/A N/A N/A 

N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E! 

Room 301 
N 344.5 308.5 C 

0.0
5 36 

0.3
5 

0.8
1  

357.
22 0.06 9 16 2362  8  123  30 

0.7
4  14 824  66  1415  3462  

26.
5 6 2 0 -4 -8 1 

Room 301 
E 520 520 C 

0.0
5 0 

0.3
5 

0.8
1  0 0.06 9 16 676  26  676  203 

0.2
6  14 0  66  0  1820  40 0 0 0 -3 -8 90 

Room 302 - 0 0 C 
0.0

5 0 
0.3

5 
0.8

1  
222.

31 0.06 9 16 N/A N/A N/A N/A 
N/
A N/A N/A 66  880  934  0 0 0 0 

#VALU
E! -8 

#VALU
E! 

Room 303 S 409.5 409.5 C 
0.0

5 0 
0.3

5 
0.8

1  
208.

85 0.06 9 16 1441  30  614  200 
0.4

7  14 0  66  827  2310  
31.

5 0 0 0 10 -8 180 

Room 304 
N 422.5 314.5 C 

0.0
5 108 

0.3
5 

0.8
1  

458.
21 0.06 9 16 4412  8  126  30 

0.7
4  14 2471  66  1815  5671  

32.
5 18 6 0 -4 -8 1 

Room 304 
W 416 236 C 

0.0
5 180 

0.3
5 

0.8
1  0 0.06 9 16 15834  13  153  203 

0.5
0  14 15681  66  0  5236  32 30 10 0 -3 -8 270 

Room 305 
NW 214.5 214.5 C 

0.0
5 0 

0.3
5 

0.8
1  

102.
97 0.06 9 16 494  8  86  87 

0.4
2  14 0  66  408  1183  

16.
5 0 0 0 -5 -8 315 

Room 305 
NE 214.5 214.5 C 

0.0
5 0 

0.3
5 

0.8
1  0 0.06 9 16 182  17  182  87 

0.2
6  14 0  66  0  751  

16.
5 0 0 0 -5 -8 45 

Room 306 
- 0 0 C 

0.0
5 0 

0.3
5 

0.8
1  0 0.06 9 16 N/A N/A N/A N/A 

N/
A N/A N/A 66  0  0  0 0 0 0 

#VALU
E! -8 

#VALU
E! 

Assembly 
301 

S 968.5 806.5 C 
0.0

5 162 
0.3

5 
0.8

1  
2781

.4 0.06 9 16 25352  30  1210  200 
0.4

7  14 13128  66  
1101

4  
1847

4  
74.

5 27 9 0 10 -8 180 

Assembly 
301 

W 247 139 C 
0.0

5 108 
0.3

5 
0.8

1  0 0.06 9 16 9499  13  90  203 
0.5

0  14 9408  66  0  3133  19 18 6 0 -3 -8 270 

Stair S5 
N 253.5 253.5 C 

0.0
5 0 

0.3
5 

0.8
1  

154.
86 0.06 9 16 715  8  101  30 

0.7
4  14 0  66  613  1538  

19.
5 0 0 0 -4 -8 1 

Stair S5 
E 143 143 C 

0.0
5 0 

0.3
5 

0.8
1  0 0.06 9 16 186  26  186  203 

0.2
6  14 0  66  0  501  11 0 0 0 -3 -8 90 

Shaft 5 N 58.5 58.5 C 
0.0

5 0 
0.3

5 
0.8

1  
14.2

1 0.06 9 16 80  8  23  30 
0.7

4  14 0  66  56  264  4.5 0 0 0 -4 -8 1 

 

 

Student Building Part 2 
 

23-Mar-2016    COOLING LOAD CALCULATION     Indoor T:  76  F           

PEAKLOAD    Gateway Campus Center             Supply Air Temp:  56 F           

LOAD    MQP                       Ceiling "U":  0.33             

                   Return Plenum (1-Y, 0-N):   1  h out:  37.4 Btu/lb       
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                 Recessed lights to plenum: 0%   h in:  28.7 Btu/lb       

                        

     S&T  Recessd Other       Calc'd        Plenum Initial Rm Sens 

 Orien- Peak  Peak Ceil'g BTUH  Fluor. Light'g Appli Occs. @ Ceil'g Rm Sens Calc'd Plenum OSA Rm Latent TOTAL Ht Loss Plenum Plenum  Wall  Plenum BTUH  

Room tation Month Hour Area  w/o roof Lights Watts  BTUH 250 BTUH  BTUH  CFM  Rise CFM BTUH BTUH Btuh* DTavg DTtemp Proof Area  Ht Gain w/o Ceil 

Room 107 N 9 16 458.21 2597  458.21  0 5 0  5411  245   1000 6411  3747  0.0  0.0  0.0   0  5411  

Room 107 W 9 16 0 15834  0  0 5 0  17084  775   1000 18084  5236  0.0  0.0  0.0   0  17084  

Room 108 NE 9 16 102.97 182  102.97  1000 0 0  1534  70   0 1534  751  0.0  0.0  0.0   0  1534  

Room 108 NW 9 16 0 86  0  0 0 0  86  5   0 86  751  0.0  0.0  0.0   0  86  

Room 109 - 9 16 78.14 0  78.14  0 0 0  267  10   0 267  0  0.0  0.0  0.0   0  267  

Room 110 N 9 16 356.29 947  356.29  55131 5 0  58544  2660   1000 59544  1962  0.0  0.0  0.0   0  58544  

Room 111 - 9 16 119.73 0  119.73  0 0 0  409  20   0 409  0  0.0  0.0  0.0   0  409  

Room 112 E 9 16 386.89 608  386.89  0 0 0  1929  90   0 1929  1638  0.0  0.0  0.0   0  1929  

Room 113 - 9 16 222.31 0  222.31  0 0 0  759  35   0 759  0  0.0  0.0  0.0   0  759  

Room 114 S 9 16 208.85 614  208.85  0 0 0  1327  60   0 1327  1433  0.0  0.0  0.0   0  1327  

Shaft 2 N 9 16 14.21 23  14.21  0 0 0  72  5   0 72  205  0.0  0.0  0.0   0  72  

Stair S2 N 9 16 154.86 101  154.86  0 0 0  630  30   0 630  887  0.0  0.0  0.0   0  630  

Stair S2 E 9 16 0 186  0  0 0 0  186  10   0 186  501  0.0  0.0  0.0   0  186  

Assembly 103 S 9 16 2781.37 14348  2781.37  10000 20 0  38841  1765   4000 42841  6815  0.0  0.0  0.0   0  38841  

Assembly 103 W 9 16 0 7938  0  0 30 0  15438  700   6000 21438  2732  0.0  0.0  0.0   0  15438  

Assembly 104 E 9 16 66.34 68  66.34  0 0 0  294  15   0 294  182  0.0  0.0  0.0   0  294  

Room 211 W 9 16 224.68 15834  224.68  850 4 0  18451  840   800 19251  6597  0.0  0.0  0.0   0  18451  

Room 212 N 9 16 188.69 2597  188.69  850 4 0  5091  230   800 5891  4721  0.0  0.0  0.0   0  5091  

Room 213 NE 9 16 102.97 182  102.97  1000 0 0  1534  70   0 1534  946  0.0  0.0  0.0   0  1534  

Room 213 NW 9 16 0 86  0  0 0 0  86  5   0 86  946  0.0  0.0  0.0   0  86  

Room 214 - 9 16 78.14 0  78.14  0 0 0  267  10   0 267  0  0.0  0.0  0.0   0  267  

Room 215 N 9 16 314.33 947  314.33  850 10 0  5370  245   2000 7370  2472  0.0  0.0  0.0   0  5370  

Room 216 E 9 16 154.86 608  154.86  500 4 0  2637  120   800 3437  2064  0.0  0.0  0.0   0  2637  
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Room 217 - 9 16 222.31 0  222.31  0 0 0  759  35   0 759  0  0.0  0.0  0.0   0  759  

Room 218 S 9 16 208.85 605  208.85  0 0 0  1317  60   0 1317  1777  0.0  0.0  0.0   0  1317  

Room 219 S 9 16 191.66 1997  191.66  850 4 0  4501  205   800 5301  2139  0.0  0.0  0.0   0  4501  

Shaft 4 N 9 16 14.21 23  14.21  0 0 0  72  5   0 72  258  0.0  0.0  0.0   0  72  

Stair S4 N 9 16 154.86 101  154.86  0 0 0  630  30   0 630  1118  0.0  0.0  0.0   0  630  

Stair S4 E 9 16 0 186  0  0 0 0  186  10   0 186  631  0.0  0.0  0.0   0  186  

Assembly 203 W 9 16 2573.05 9499  2573.05  0 5 0  19531  890   1000 20531  3947  0.0  0.0  0.0   0  19531  

Assembly 203 S 9 16 0 10919  0  0 10 0  13419  610   2000 15419  5971  0.0  0.0  0.0   0  13419  

Assembly 204 E 9 16 108.15 68  108.15  0 0 0  437  20   0 437  229  0.0  0.0  0.0   0  437  

Assembly 205 - 9 16 30.68 0  30.68  0 0 0  105  5   0 105  0  0.0  0.0  0.0   0  105  

Room 301 N 9 16 357.22 947  357.22  0 5 0  3416  155   1000 5831  4362  4.1  8.3  1414.6   1415  3416  

Room 301 E 9 16 0 676  0  0 0 0  676  30   0 676  2293  0.0  0.0  0.0   0  676  

Room 302 - 9 16 222.31 -880  222.31  0 0 0  -122  0   0 759  1176  #DIV/0! #DIV/0! 880.3   880  -122  

Room 303 S 9 16 208.85 614  208.85  0 0 0  1327  60   0 2154  2911  6.3  12.5  827.0   827  1327  

Room 304 N 9 16 458.21 2597  458.21  0 10 0  6661  305   2000 10475  7146  2.7  5.4  1814.5   1815  6661  

Room 304 W 9 16 0 15834  0  0 5 0  17084  775   1000 18084  6597  0.0  0.0  0.0   0  17084  

Room 305 NW 9 16 102.97 86  102.97  1000 0 0  1437  65   0 1845  1491  2.9  5.7  407.8   408  1437  

Room 305 NE 9 16 0 182  0  0 0 0  182  10   0 182  946  0.0  0.0  0.0   0  182  

Room 306 - 9 16 0 0  0  0 0 0  0  0   0 0  0  #DIV/0! #DIV/0! 0.0   0  0  

Assembly 301 S 9 16 2781.37 14338  2781.37  0 10 0  26331  1195   2000 39345  23277  4.2  8.4  11014.2   11014  26331  

Assembly 301 W 9 16 0 9499  0  0 10 0  11999  545   2000 13999  3947  0.0  0.0  0.0   0  11999  

Stair S5 N 9 16 154.86 101  154.86  0 0 0  630  30   0 1243  1937  9.3  18.6  613.2   613  630  

Stair S5 E 9 16 0 186  0  0 0 0  186  10   0 186  631  0.0  0.0  0.0   0  186  

Shaft 5 N 9 16 14.21 23  14.21  0 0 0  72  5   0 128  333  5.1  10.2  56.3   56  72  
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Appendix B: Structural Grid Options 

Administration Building 

  
Figure 65: Administration building rejected grid option 

The grid option shown in Figure 65 was rejected due to an excess of columns. The 

inspiration for this layout was to focus the columns in the exterior wall and the brace wall. This 

would allow a very open floor plan. However, due to the large number of offices and small 

rooms located in this building, columns located in the interior of the building could be easily 

hidden by interior walls. This led the team to select the grid option shown in Figure 22, because 

it allowed for less irregular bay shapes while still avoiding impact on the floor plan. 
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Student Building 

  
Figure 66: Rejected grid layout for the Student building 

 
Figure 67: Rejected grid layout with extra columns for the Student building 

The grid options shown in Figure 66 and Figure 67 for the Student building were 

designed to reduce the spans of the girders located in the braced frame. The initial concern was 

that these girders would get exceedingly large, causing the interior wall to be unacceptably thick. 

The grid option in Figure 66 uses fewer columns than that of Figure 67; however, it also causes 
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more irregular bay configurations and longer spans. To determine if the braced frame girder 

would be an acceptable size, preliminary sizing was performed. It was determined that these 

girders could span longer than in these grid options without creating the need for an excessively 

wide interior wall around the braced frame. Therefore, the grid option shown in Figure 23 was 

determined to allow a low amount of columns, more typical bay configurations, and reasonably 

sized girders. Our team selected the grid layout shown in Figure 23. 
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Appendix C: Structural Load Calculations 
 The lateral loads were calculated based on ASCE 7-05. These loads are dependent on the 

building location. The Massachusetts Amendments to the 2009 IBC provides lateral coefficients 

specific to towns in Massachusetts. The values for Worcester were used in the calculation 

procedure detailed in ASCE 7-05.  

Tributary Width 
Tributary width is the area of the floor that the member supports. Usually, this value can 

be calculated as half the distance from the member to a member of the same type. This process is 

repeated for both sides of the member and the numbers are added together to find the tributary 

width. Examples of tributary width can be seen in Figure 68 and Figure 69. 

 
Figure 68: Typical tributary width for a beam 

 
Figure 69: Typical tributary width for a girder 
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Determining the tributary area for a column is similar to that for a beam except that it 

occurs on all sides of the column. An example of column tributary area can be seen in Figure 70. 

 
Figure 70: Typical tributary area for a column 

Snow Loads 
 Snow loads were determined using ASCE 7-05 Chapter 7. The procedure for designing   

a flat roof snow load of a building is as follows: 

Step Description Value 

1. Determine the ground snow load, pg, for the specific location of the building. 

a. This value is taken from the MA Building Code (MA State Board of 

Building Regulations and Standards, 2010). 

pg = 55 psf 

2. Determine the exposure factor, Ce, using ASCE 7-05, Table 7-2, based on the 

surrounding terrain. 
Ce = 0.9 

3. Determine the thermal factor, Ct, using ASCE 7-05, Table 7-3, based on the 

thermal condition of the building. 
Ct = 1.0 

4. Determine the importance factor, I, using ASCE 7-05, Table 7-4, based on 

the building occupancy category. 
I = 1.1 

5. Calculate the flat roof snow load, pf, using the equation 𝑝𝑝𝑓𝑓 = 0.7𝐶𝐶𝑒𝑒𝐶𝐶𝑡𝑡𝐼𝐼𝑝𝑝𝑔𝑔 

pf = 38.1 psf 

(40 psf was 

used)  

6. If necessary calculate snow drift, sliding snow, and unbalanced snow load 

using ASCE 7-05 Chapter 7 (American Society of Civil Engineers, 2006).  
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Wind Loads 
 Wind loads were calculated for this project using ASCE 7-05 Chapter 6. Since the 

conceptual Gateway Campus Center is a simple diaphragm, low-rise, enclosed, regular-shaped, 

and rigid building, and has a roof with a slope less than 45 degrees, the simplified procedure 

could be used to calculate the wind force on the Main Wind-Force Resisting Systems (MWFRS). 

The simplified procedure allows simple calculation on the various exterior zones of a building. 

The different zones can be seen in Figure 71. The steps for the simplified procedure are as 

follows (American Society of Civil Engineers, 2006): 

 
Figure 71: ASCE 7-05 defined wind zones used for wind load determination 

Step Description Administration Student 

1. Determine the basic wind speed (in mph), V, for the 

building location. 

a. This number is given in the MA Building Code (MA 

State Board of Building Regulations and Standards, 

2010). 

V = 100 mph V = 100 mph 

2. Determine the wind importance factor, IW. Iw = 1.15 Iw = 1.15 
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a. This value is found in ASCE 7-05 Chapter 6, Table 

6-1, based on the building occupancy category. 

3. Determine the topographic factor, Kzt. 

a. This value can be set to one if there are no hills or 

ridges directly adjacent to the building. 

Kzt = 1 Kzt = 1 

4. Determine the exposure category based on ASCE 7-05, 

Section 6.5.6.3. 

a. This category depends on the area surrounding the 

building, including vegetation, topography, and 

constructed facilities. 

B B 

5. Determine the height and exposure coefficient, λ. 

a. This value is determined from ASCE 7-05, Figure 

6-2, based on mean roof height and exposure 

category. 

λ = 1 λ = 1.082 

6. Determine the simplified design wind pressure height of 30 

feet and an importance factor of one, ps30, for each zone of 

the building. 

a. These values can be found in ASCE 7-05, Figure 6-

2, based on basic wind speed and roof angle. 

ps30 = 15.9 psf 

(zone A) 

ps30 = 10.5 psf 

(zone C) 

ps30 = 15.9 psf 

(zone A) 

ps30 = 10.5 psf 

(zone C) 

7. Adjust ps30 using the equation 𝑝𝑝𝑠𝑠 =  λ𝐼𝐼𝑊𝑊𝐾𝐾𝑧𝑧𝑡𝑡𝑝𝑝𝑠𝑠30 for each 

zone of the building. 

ps = 18.29 psf 

(zone A) 

ps = 12.08 psf 

(zone C) 

ps = 19.78 psf 

(zone A) 

ps = 13.07 psf 

(zone A) 

8. Calculate the width of zone A, which is equal to 2a. 

a. Where a = .1*least horizontal dimension of the 

building or 0.4*height of the building, whichever is 

smaller, but not less than 3 feet or .04*least 

horizontal dimension of the building. 

Width of A = 

11.6’ 

Width of A = 

12.266’ 

9. Determine the area of each of the zones in both the 

transverse and longitudinal direction. Note that both the 

Area of Zone 

A= 603.2 ft2 

Area of Zone 

A= 956.8 ft2 
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transverse and longitudinal directions have two A zones, 

one at each wall end.  

Area of Zone 

C= 1736.8 ft2 

Area of Zone 

C= 3138.3 ft2 

10. Multiply the ps value for each zone by that respective 

zone’s area to determine the wind force, in pounds, 

contributed from that zone. Add all the forces together to 

determine the total wind force. Do this for both the 

longitudinal and transverse directions to determine the 

critical case (American Society of Civil Engineers, 2006). 

Total Wind 

Force = 32 kips 

Total Wind 

Force = 60 kips 

Seismic Loads 

 Seismic Loads for this project were calculated using ASCE 7-05 Chapters 11 and 12. The 

procedure used by our group was the Equivalent Lateral Force Procedure, and is as follows: 

Step Description Administration Student 
1. Determine the mapped maximum considered earthquake 

(MEC), 5 percent damped, spectral response acceleration 
parameter at short periods, SS, and mapped MCE, 5 percent 
damped, spectral response acceleration parameter at a 
period of one second, S1. 

a. These coefficients are taken from the MA Building 
Code (MA State Board of Building Regulations and 
Standards, 2010). 

Ss = 0.24 
S1 = 0.067 

Ss = 0.24 
S1 = 0.067 

2. Based on site soil properties, found from doing a 
geotechnical investigation, determine the site class. 

Site Class D Site Class D 

3. Determine site coefficients Fa and Fv using ASCE 7-05 
Chapter 11, Tables 11.4-1 and 11.4-2, respectively. 

a. Fa is determined based on SS value and the site class 
designation. 

b. FV is determined based on S1 value and the site 
class designation. 

Fa = 1.6 
Fv = 2.4 

Fa = 1.6 
Fv = 2.4 

4. Calculate the MCE spectral response acceleration for short 
periods, SMS, and at a period of one second, SM1, using the 
following equations: 

a. 𝑆𝑆𝑀𝑀𝑀𝑀 = 𝐹𝐹𝑎𝑎𝑆𝑆𝑀𝑀 
b. 𝑆𝑆𝑀𝑀1 = 𝐹𝐹𝑉𝑉𝑆𝑆1 

SMS = 0.384 
SM1 = 0.1608 

SMS = 0.384 
SM1 = 0.1608 

5. Calculate the design earthquake spectral response 
acceleration parameter at short period, SDS, and at a period 
of one second, SD1, based on the following equations: 

SDS = 0.256 
SD1 = 0.1072 

SDS = 0.256 
SD1 = 0.1072 
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a. 𝑆𝑆𝐷𝐷𝑀𝑀 = 2
3
𝑆𝑆𝑀𝑀𝑀𝑀 

b. 𝑆𝑆𝐷𝐷1 = 2
3
𝑆𝑆𝑀𝑀1 

6. Determine the seismic importance factor, I 
a. This value is determined from ASCE 7-05, Table 

11.5-1, based on the building occupancy category. 
I = 1.25 I = 1.25 

7. Determine the seismic design category using ASCE 7-05, 
Table 11.6-1, using the SDS value, and ASCE 7-05, Table 
11.6-2, using the SD1 value. 

a. Note that whichever category is the more severe is 
the one selected. 

Design 
Category B 

Design 
Category B 

8. Determine the response modification coefficient, R, system 
overstrength factor, Ω0, and deflection amplification factor, 
Cd. This is done by first determining what type of seismic 
force-resisting systems the building will use. Then the 
coefficients can be looked up in ASCE 7-05, Table 12.2-1. 

a. This project used steel braced frames not 
specifically detailed for seismic resistance. 

b. Note that based on the seismic design category 
some seismic force-resisting systems are not 
allowed for buildings over a certain height. This 
limit can be checked in ASCE 7-05, Table 12.2-1. 

R = 3 
Ω0 = 3 
Cd = 3 

R = 3 
Ω0 = 3 
Cd = 3 

9. Determine the seismic weight, Wi, for each floor of the 
building where i represents the floor number. Per ASCE 7-
05 Section 12.7.2, the seismic weight will include the total 
dead load and 20 percent of the design snow load. 

W2 = 350 kips 
Wroof = 125 kips 

W2 = 373 kips 
W3 = 456 kips 

Wroof = 170 kips 

10. Sum all the Wi to get the seismic weight of the entire 
building, W 

W = 475 kips W = 999 kips 

11. Determine the seismic response coefficient, CS 
a. This coefficient is calculated using: 

𝐶𝐶𝑀𝑀 =
𝑆𝑆𝐷𝐷𝑀𝑀

(𝑅𝑅𝐼𝐼 )
 

b. CS cannot be less than CS = 0.01 

Cs = 0.107 Cs = 0.107 

12. Determine the Ct and x coefficients 
a. These coefficients are determined based on the 

seismic force-resisting system of the building using 
ASCE 7-05, Table 12.8-2. 

Ct = 0.02 
x = 0.75 

Ct = 0.02 
x = 0.75 

13. Calculate the approximate fundamental period using the 
equation 𝑇𝑇𝑎𝑎 = 𝐶𝐶𝑡𝑡ℎ𝑛𝑛𝑥𝑥 

Ta = 0.312 s Ta = 0.312 s 
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a. Where hn is the height, in feet, above the base to the 
highest level of the building. 

14. Calculate the total design shear at the base of the structure, 
V, using the equation 𝑉𝑉 = 𝐶𝐶𝑀𝑀𝑊𝑊 

V = 50.67 kips V = 106.56 kips 

15. Calculate the vertical distribution factor Cvx for each floor 
using the equation: 

𝐶𝐶𝑣𝑣𝑥𝑥 =
𝑤𝑤𝑥𝑥ℎ𝑥𝑥𝑘𝑘

∑ 𝑤𝑤𝑖𝑖ℎ𝑖𝑖𝑘𝑘𝑛𝑛
𝑖𝑖=1

 

a. Where k = 1 for buildings where Ta ≤ 0.5 sec or k = 
2 for Ta ≥ 2.5 sec. If Ta is between these ranges the 
k value can be conservatively taken as 2. 

• 2nd Floor: 
Cvx = 0.417 

• Roof:        
Cvx = 0.583 

• 2nd Floor: 
Cvx = 0.284 

• 3rd Floor: 
Cvx = 0.508 

• Roof:            
Cvx = 0.208 

 

16. Calculate the lateral seismic force, Fx, at each level using 
the equation 𝐹𝐹𝑥𝑥 = 𝐶𝐶𝑣𝑣𝑥𝑥𝑉𝑉 

• 2nd Floor:   
Fx = 29.56 k 

• Roof:         
Fx = 21.11 k 

• 2nd Floor:   
Fx = 30.28 k 

• 3rd Floor:   
Fx = 54.14 k 

• Roof:         
Fx = 22.14 k 

17. Apply these story shears at the center of mass of the 
building. Also, apply the forces at 5% eccentricity from the 
center of mass of the building to account for accidental 
Torsion. Use the most critical case as the design case 
(American Society of Civil Engineers, 2006). 
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Appendix D: Excel Spreadsheets 

Typical Beam and Girder Design Spreadsheet 

Unshored Girder Sizing      
Building: Administration      - Input Cell  

Floor: 1      - Output Cell  
Girder Location: On Gridline E      

 
Between 

Gridlines 3 & 4      

Girder Properties       
Span = 18 ft      

Tributary Width = 20 ft      

Tributary Area = 360.00 ft2      

Fy = 50 ksi      
Φ = 0.9       

E = 29000 ksi      
        

Construction Loads       

Dead Loads     

 

 
 

 
Self Weight = 26 PLF    

 

 
Beam Weights = 4 PSF  Approximation of Beam Weight =  

Beam Weights*Width = 80 PLF      
Steel Deck = 2.14 PSF      

Steel Deck*Width = 42.8 PLF      
Total = 148.8 PLF      

        

Live Loads       
Concrete Slab = 60.86 PSF      

Concrete Slab*Width = 1217.2 PLF      
Ponding Effect = 121.72 PLF      

Construction = 25 PSF      
Construction*Width = 500 PLF      

Total = 1838.92 PLF      
        
        

wu = 1.2D*1.6L = 3120.832 PLF      
        

𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓

𝐵𝐵𝐵𝐵𝑎𝑎𝐵𝐵 𝑆𝑆𝑝𝑝𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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Mu = 126.394 k-ft      
        

Zx ≥ 33.705 in3      
        

Deflection Limit= 0.6 in Due to unfactored self weight and wet concrete (AISC Design Guide 3) 
        

Ix ≥ 201.950 in^4      
        

Select Beam from Table 3-2       
        

Beam Size: W 12 X 26    
        

Zx = 37.2 in3 OK     

Ix = 204 in4 OK     
        

Calculated Deflection = 0.594 in OK     
        

        

Service Loads       

Dead Loads       
Self Weight = 26 PLF      

Beam Weights*Width = 4 PLF      
Steel Deck*Width = 2.14 PLF      

Concrete Slab*Width = 60.86 PLF      
Ponding Effect = 6.086 PLF      

MEP = 10 PSF      
MEP*Width = 180 PLF      

Exterior Envelope = 0 PLF      
Total = 279.09 PLF      

        

Live Loads       
Floor Live Load = 100 PSF      

Floor Live Load*Width = 1800 PLF      
Total = 1800 PLF      

        
        

wu = 1.2D*1.6L = 3214.90 PLF      
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Mu = 130.20 k-ft      
        

Composite Action       

f'c = 3 ksi      
Girder Spacing = 20 ft      

be = 54 in Do separate for both sides and add. Smaller of beam span/8, .5*space 
between adjacent beam, distance to edge of slab 

Ycon = 6.5 in      

ΣQn = 95.6 k From AISC Table 3-19   

Y1 = 1.94 in From AISC Table 3-19   

areq = 0.694 in      

Y2 = 6.15 in      
        

From AISC Table 3-19      
        

Y2 (in) 6 6.5      

Φmn (k-ft) 211 215      
        

Φmn = 212.22 k-ft OK     
        

From AISC Table 3-20      
        

Y2 (in) 6 6.5      

ILB (in4) 428 447      
        

ILB = 433.81 in4      
        

Deflection Check       
0.5LL + DL Limit = 0.9 in      

0.5LL Limit = 0.6 in      
        

0.5LL + DL Calculated = 0.221 in OK     
0.5LL Calculated= 0.169 in OK     

        
        

Shear Studs       

ΣQn = 95.6 k      

Rp = 0.6       
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Rg = 1       

Qn = 21 k From AISC Table 3-21    
      

 

 
Required # of studs for full 

span= 9.10  Required # of studs for full span= 
 

       
# of Studs Selected = 10  OK     

        
Minimum Spacing = 4.5 in      
Maximum Spacing = 36 in      

        
Max Studs in one row = 17  OK     

        
Stud Spacing = 19.64 in OK     

        
        

Shear Check       

Vu = 28.93 k      
        

ΦVn = 86 k OK From AISC Table 3-2  
        
        

Summary       
        

Beam Size: W 12 X 26    
        

# of 3/4" Shear Studs = 10       
        

Reactions = 28.93 k      
 

Typical Vibration Guidelines Spreadsheet 

Gym Vibration Check    

Beam     
      

Beam: W 18 X 76  
      

 Span = 25 ft   
 Tributary Width = 8.3333 ft   

2 ∗
𝛴𝛴𝑄𝑄𝑛𝑛
𝑄𝑄𝑛𝑛
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 Dead Load = 50 psf (includes slab) 
 Live Load = 2.5 psf   

 Es = 29000000 psi   

 f'c = 3 ksi   

 Ec = 1998.25 ksi   
      

 As = 22.30 in2   
 d = 18.20 in   

 I = 1330.00 in4   

 be = 100.00 in   
 n = 10.75    

 be/n = 9.30 in   
      

 Ytop (in) A (in2) A*Ytop Io (in4) A(Ytop-Ybar)2 
Concrete 1.625 30.23 49.13 26.61 1026.25 

Concrete in Deck N/A N/A N/A N/A N/A 
Steel 15.35 22.30 342.31 1330.00 1391.28 

 Total = 52.53 391.43 1356.61 2417.53 
      
 Ybar = 7.451 in   

 Ig = 3774.144 in4   
      

 Wb = 513.50 plf   
 Deflection = 0.041 in   
      
 Beam Frequency = 17.42 Hz   
      

Top Girder     
      

Girder: W 24 X 76  
      

 Span = 25 ft   
 Tributary Width = 25 ft   
 Dead Load = 50 psf (includes slab) 
 Live Load = 2.5 psf   

 Es = 29000000 psi   

 f'c = 3 ksi   

 Ec = 1998.25 ksi   
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 As = 22.40 in2   
 d = 23.90 in   

 I = 2100.00 in4   

 be = 120.00 in   
 n = 10.75    

 be/n = 11.16 in   
      

 Ytop (in) A (in2) A*Ytop Io (in4) A(Ytop-Ybar)2 
Concrete 1.625 36.28 58.95 31.93 1077.53 

Concrete in Deck 4.00 16.74 66.98 3.14 158.32 
Steel 18.20 22.40 407.68 2100.00 2772.39 

 Total = 75.42 533.61 2135.07 4008.24 
      
 Ybar = 7.075 in   

 Ig = 6143.311 in4   
      

 Wg = 1616.50 plf   
 Deflection = 0.080 in   
      

Top Girder Frequency = 12.52 Hz   
      

Bottom Girder     
      

Girder: W 21 X 55  
      

 Span = 25 ft   
 Tributary Width = 12.5 ft   
 Dead Load = 50 psf (includes slab) 
 Live Load = 2.5 psf   

 Es = 29000000 psi   

 f'c = 3 ksi   

 Ec = 1998.25 ksi   
      

 As = 16.20 in2   
 d = 20.80 in   

 I = 1140.00 in4   

 be = 60 in Exterior Girder 
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 n = 10.75    

 be/n = 5.58 in   
      

 Ytop (in) A (in2) A*Ytop Io (in4) A(Ytop-Ybar)2 
Concrete 1.625 18.14 29.48 15.97 689.29 

Concrete in Deck 4.00 8.37 33.49 1.57 120.22 
Steel 16.65 16.20 269.73 1140.00 1271.87 

 Total = 42.71 332.69 1157.54 2081.37 
      
 Ybar = 7.789 in   

 Ig = 3238.909 in4   
      

 Wg = 825.25 plf   
 Deflection = 0.077 in   
      

Bottom Girder Frequency = 12.73 Hz   
      

Bay     
      

fn = 10.17 Hz    
      

Wt = 64.24 psf    
      

ao/g = 2 %    
      
From Table 5.2:      
      

Harmonic Forcing Frequency (Hz) Dynamic Coefficient Damping  
First 2.75 1.5 0.06  

Second 5.5 0.6 0.06  
Third 8.25 0.1 0.06  

      
      

First Check     
      

First Harmonic     

(fn)req'd = 7.19 < 10.17 OK  
      

Second Harmonic     
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(fn)req'd = 10.04 < 10.17 OK  
      

Third Harmonic     

(fn)req'd = 9.72 < 10.17 OK  
      

Second Check     
      

First Harmonic     

a1/g = 0.60     
      

Second Harmonic     

a2/g = 1.25     
      

Third Harmonic     

a3/g = 0.94     
      

Considering all 3 Harmonics     

am = 1.97 
% of 
Gravity  OK  

      
      

Acceptable Bay Configuration    
 

Typical Spread Footing Design Spreadsheet 

Spread Footing Design      
Building: Student       - Input Cell 
Location: B-11       - Output Cell 

Pier: Yes       
Unfactored Dead Load = 117 k Includes pier weight   

Unfactored Live Load = 96 k      
        

Pier Properties      
Length = 3 ft      

Base = 2 ft      
Width = 2 ft      

f'c = 4 ksi      

fy = 60 ksi      
Unit Weight = 145 pcf      
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Soil Properties      

qa = 6000 psf      
Unit Weight = 126 pcf      

        

Footing Properties      
Depth (T.O.F.)= 3 ft      

f'c = 4 ksi      

fy = 60 ksi      
Thickness = 1.5 ft      

        

qe = 5404.5 psf Based on trial thickness below  
        

Areq = 39.412 ft2      
        

b = 7 ft      
        

A = 49 ft2 OK     
        

qu = 6.00 ksf      
        

d = 14 in Based on trial thickness above  
        

bo = 152 in      
        

Vu1 = 233.83 k      
        

Vc = 538.35 k      
        

Φ = 0.75       
        

ΦVc  = 403.76 k OK     
        

Vu2 = 56.00 k      
        

Vc = 148.75 k      
        

ΦVc  = 111.57 k OK     
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MU = 1575 in-k      
        

a = 3 in      

As = 2.333 in2      
a = 1.72 in      

As = 2.22 in2      
a = 1.63 in      

As = 2.21 in2      
        

As,min = 3.92 in2      
        

As,req = 3.92 in2      
        

Bars Selected = 7 # 7    
        

As = 4.21 in2 OK     
        

Summary      
7 X 7 X 1.5 Thick Footing  

 With       
7 # 7 In both directions   
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Appendix E: Structural Cost Estimate 
Table 19: Structural column cost estimate, based on national average 

 

Table 20: Structural framing cost estimate, based on national average 

 

Column Size Total Weight (lb.) Cost/lb. Cost
HSS6X6X5/16 4977 2.04 10,153.60$ 
HSS8X8X5/16 32532 1.7 55,304.16$ 

HSS10X10X5/16 6416 1.7 10,906.61$ 
HSS10X10X3/8 1904 1.7 3,236.84$    

Total = 79,601.20$ 

Steel Section Total Length (ft.) Cost/ft. Cost
HSS3X3X1/4 160.50 2.04 327.42$          
HSS3-1/2X3-1/2X1/4 365.13 2.04 744.87$          
HSS4X4X1/4 217.88 2.04 444.48$          
HSS4X4X3/8 69.22 2.04 141.20$          
HSS5X5X1/4 154.33 2.04 314.84$          
HSS5X5X5/16 128.12 2.04 261.36$          
W10X12 580.28 30 17,408.28$    
W10X19 150.00 45 6,750.00$      
W12X14 358.00 33 11,814.00$    
W12X16 356.53 33 11,765.34$    
W12X19 593.53 40 23,741.24$    
W12X22 359.55 43 15,460.74$    
W12X26 227.42 49 11,143.42$    
W14X22 1267.52 46 58,305.96$    
W14X26 146.21 48 7,018.23$      
W14X30 152.67 55.5 8,473.00$      
W16X26 95.33 48 4,576.00$      
W16X31 331.39 57 18,889.19$    
W16X40 91.67 72 6,600.00$      
W18X35 388.69 65.5 25,459.46$    
W18X40 116.33 73.5 8,550.50$      
W18X76 267.67 132 35,332.00$    
W21X68 166.42 118 19,637.78$    
W24X76 105.00 130 13,650.00$    
W24X94 32.67 159 5,194.00$      

Total = 312,003.31$ 
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Table 21: Shear stud cost estimate, based on national average 

 

Table 22: Reinforced concrete foundation cost estimate, based on national average 

 

Table 23: Metal floor and roof deck cost estimate, based on national average 

 

Table 24: Concrete slab reinforcing cost estimate, based on national average 

 

Table 25: Worcester location factors for structural cost estimate 

 

Total Count Cost/Stud Total Cost
Shear Studs 1912 2.96 5,659.52$    

Total Unit Cost/Unit Cost
7.95 C.Y. 1825 14,504.69$        

235.66 C.Y. 385 90,727.96$        
60.44 C.Y. 345 20,851.54$        
25.17 C.Y. 315 7,928.90$          
75.25 C.Y. 405 30,474.30$        
18.00 C.Y. 310 5,580.00$          

9835.51 ft2 3.17 31,178.57$        
6963.51 ft2 3.24 22,561.77$        
9375.09 ft2 3.5 32,812.82$        

Slab on Grade (No Reinforcing)
Normal Weight Elevated Slab (No Reinforcing)

Lightweight Elevated Slab (No Reinforcing)

Concrete Piers (Reinforcing)
Retaining Wall and Footing (Reinforcing)

Frost Wall (Reinforcing)
Wall Footings (Reinforcing)

Under 5 C.Y. Spread Footings (Reinforcing)
Over 5 C.Y. Spread Footings (Reinforcing)

Component

Total Area (ft2) Cost/ft2 Total Cost
3" Deep 20 Gauge Composite Deck: 16338.60 3.62 59,145.73$    

3" Deep 20 Gauge Roof Deck: 9709.99 2.86 27,770.57$    

Total Area (ft2) Cost/100 ft^2 Total Cost
6X6-W2.9XW2.9 26174.11 70 18,321.88$    

Concrete 118
Metals 108.4

Worcester Location Factor
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Appendix F: Sprinkler Cut Sheets 
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Appendix G: Sprinkler System Hydraulic Calculations 

Administration Building 
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Appendix H: Rooftop Unit Selection 
 

 

24-Mar-16      

RTU-ANAL      

      

 Manufacturer     

 Model 

Standard 
Efficiency 60 

Hz 
High Efficency 

60 hz 
Standard 

Efficiency 50 Hz 

High 
Efficiency 60 

Hz 

 Nominal Size 40 Ton 40 Ton 41.7 Ton 50 Ton 

  Draw-Thru Blow-Thru Draw-Thru Draw-Thru 

 

Psych 
Chart 
Point   @15500 CFM  

Air Ent'g Condenser  90  90  90  90  

      

Outdoor Air DB A 85  85  85  85  

Outdoor Air WB  74  74  74  74  

Outdoor Air lb/lb   0.0155  0.0155 0.0155 0.0155 

      

Supply CFM  14025  14025  14025  14025  

Outdoor Air CFM  2590  2590  2590  2590  

      

Indoor Air DB B 76.0  76.0  76.0  76.0  

Indoor Air RH  50% 50% 50% 50% 

Indoor Air WB  63.3  63.3  63.3  63.3  

Indoor Air lb/lb  0.0096  0.0096  0.0096  0.0096  

      

Plenum Rise  0.0  0.0  0.0  0.0  

Plenum Air DB C 76.0  76.0  76.0  76.0  

Plenum Air lb/lb   0.0096  0.0096  0.0096  0.0096  

      

Return Fan Type  NONE NONE NONE NONE 

Return Fan CFM  0                     -    0 0 

Return Fan SP      

Return Fan Eff'y      

Return Fan BHP           

Return Fan BTUH *           

Return Fan Rise           

RF Lvg Air DB D 76.0  76.0  76.0  76.0  

RF Lvg Air lb/lb   0.0096  0.0096  0.0096  0.0096  
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Mixed Air DB E 77.7  77.7  77.7  77.7  

Mixed Air lb/lb   0.0107  0.0107  0.0107  0.0107  

      

BT Fan Type  NONE NONE NONE NONE 

BT Supply Fan SP      

BT Supply Fan Eff'y      

BT Supply Fan BHP           

BT Supply Fan BTUH *           

BT Supply Fan Rise           

      

Entering Air DB F 77.7  77.7  77.7  77.7  

Entering Air lb/lb   0.0107  0.0107  0.0107  0.0107  

Entering Air "h"   30.35  30.35  30.35  30.35  

Ln (h)   3.413  3.413  3.413  3.413  

Entering Air WB   65.4  65.4  65.4  65.4  

      

Unit MBH Total  555.0  567.0  575.0  656.0  

Unit MBH Sensible  428.0  445.0  451.0  481.0  

Unit MBH Latent   127.0  122.0  124.0  175.0  

Coil Leaving Air DB G 49.9  48.8  48.4  46.5  

Coil Leaving Air "h"   21.56  21.37  21.24  19.96  

Ln (h)   3.071  3.062  3.056  2.994  

Coil Leaving Air lb/lb   0.0088  0.0089  0.0089  0.0081  

Coil Leaving Air WB   52.3  51.9  51.7  49.4  

      

DT Fan Type  2@22.5FC/IGV 2@22.5FC/IGV 2@22FC/IGV 2@22FC/IGV 

DT Supply Fan SP  1.98  1.1 1.06  1.06  

DT Supply Fan Eff'y  63% 63% 63% 63% 

DT Supply Fan BHP   6.9  3.9  3.7  3.7  

DT Supply Fan BTUH *   20487  11580  10986  10986  

DT Supply Fan Rise   1.3  0.8  0.7  0.7  

      

Duct Rise Allowance  0.5  0.5  0.5  0.5  

Supply Air DB H 51.7  50.1  49.6  47.7  

Supply Air "h"   21.98  21.65  21.52  20.23  

136 
 



 

Ln (h)   3.090  3.075  3.069  3.007  

Supply Air lb/lb   0.0088  0.0089  0.0089  0.0081  

Supply Air WB   53.0  52.4  52.2  49.9  

      

Avail Space Sens Cap'y   374.2  400.1  406.7  436.7  

Avail Space Latent Cap'y 52.9  47.9  49.9  100.9  

      

Space Sens Load  309  309  309  309  

Unit XS/Short   21.3% 29.7% 31.8% 41.5% 

Space Latent Load  29  29  29  29  

Unit XS/Short   81.2% 64.0% 70.9% 245.5% 

      

  *  Fan BTUH includes 5% belt and drive losses  

     and 90% motor efficiency     

      

LOAD SUMMARY      

      

Space Sensible Heat   308.6  308.6  308.6  308.6  

Duct Rise Allowance   7.7  7.7  7.7  7.7  

Plenum Heat   0.0  0.0  0.0  0.0  

Return Fan Heat   0.0  0.0  0.0  0.0  

Supply Fan Heat   20.5  11.6  11.0  11.0  

Outside Air Sensible   25.6  25.6  25.6  25.6  

MACHINE SENSIBLE   362.4  353.5  352.9  352.9  

      

Space Latent   29.2  29.2  29.2  29.2  

Outside Air Latent   74.1  74.1  74.1  74.1  

MACHINE LATENT   103.3  103.3  103.3  103.3  

      

MACHINE TOTAL LOAD (MBH)   465.7  456.8  456.2  456.2  

TONS   39  38  38  38  

      

MACHINE SHR   0.78  0.77  0.77  0.77  

      

OA WB(K)   296.5  296.5  296.5  296.5  

OA Part Vapor Press   0.358  0.358  0.358  0.358  

OA Sat'd Vapor Press   0.415  0.415  0.415  0.415  

OA "h"   37.44  37.44  37.44  37.44  
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Appendix I: LEED Analysis 
In the LEED Analysis, assumptions were made due to limitations with available information.  

          
 
 
 

   LEED v4 for BD+C: New 
Construction and Major Renovation 

 
 

    Project Checklist    
          
    Gateway Campus Center   
    3/4/2016 Submittal   
 Y ? N   
 Y 1   Cred

i 1  Integrative Process 1  

            

       
Location and 
Transportation 

Possible 
Points:   16  

   0 N Cred
it 1 LEED for Neighborhood Development Location 16  

 Y 1   Cred
it 2 Sensitive Land Protection 1 Brownfield remediation 

 Y 2   Cred
it 3 High Priority Site 2 Brownfield remediation 

 Y 2   Cred
it 4 Surrounding Density and Diverse Uses 5 Option 2 Diverse Uses 

 Y 3   Cred
it 5 Access to Quality Transit 5 *assumption 144 weekday 

 Y 1   Cred
it 6 Bicycle Facilities 1 Case 1 

 Y 1   Cred
it 7 Reduced Parking Footprint 1  

   0 N Cred
it 8 Green Vehicles  1  

          

       Sustainable Sites Possible 
Points:   10  

 Y   Prer
eq 1  Construction Activity Pollution Prevention 

Req
uire

d  

 Y 1   Cred
it 1 Site Assessment 1 *assume site survey was completed 

 Y 2   Cred
it 2 Site Development--Protect or Restore Habitat 2 *assumption 

 Y 1   Cred
it 3 Open Space 1 pedestrian-oriented  

 Y 1   Cred
it 4 Rainwater Management 3 Nothing in our design, could be 

assumed 
   0 N Cred

it 5 Heat Island Reduction 2  

   0 N Cred
it 6 Light Pollution Reduction 1  

            

       Water Efficiency Possible 
Points:   11  

 Y   Prer
eq 1 Outdoor Water Use Reduction 

Req
uire

d  

 Y   Prer
eq 2 Indoor Water Use Reduction 

Req
uire

d  

 Y   Prer
eq 3 

Building-Level Water 
Metering  

Req
uire

d  

 Y 2   Cred
it 1 Outdoor Water Use Reduction 2 *assumption 
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 Y 2   Cred
it 2 Indoor Water Use Reduction 6 Didn't Design to this level of detail, 

assume 2 points 
 Y 1   Cred

it 3 Cooling Tower Water Use 2  

 Y 1   Cred
it 4 Water Metering  1 Irrigation and indoor plumbing 

fixtures 
             

       Energy and Atmosphere Possible 
Points:   33  

 Y   Prer
eq 1 Fundamental Commissioning and Verification 

Req
uire

d  

 Y   Prer
eq 2 Minimum Energy Performance 

Req
uire

d  

 Y   Prer
eq 3 Building-Level Energy Metering 

Req
uire

d  

 Y   Prer
eq 4 Fundamental Refrigerant Management 

Req
uire

d  

 Y 3   Cred
it 1 Enhanced Commissioning 6 Path 1 

 Y 6   Cred
it 2 Optimize Energy Performance 18 option 2 

 Y 1   Cred
it 3 Advanced Energy Metering 1 assumption that we will install 

meters 
 Y 1   Cred

it 4 Demand Response 2 assumption 
     N Cred

it 5 Renewable Energy Production 3  

 Y 1   Cred
it 6 Enhanced Refrigerant Management 1 assumption that we use refrigerant 

with depleted affects on the ozone 
     N Cred

it 7 Green Power and Carbon Offsets 2  

          

       Materials and Resources Possible 
Points:   13  

 Y   Prer
eq 1  Storage and Collection of Recyclables 

Req
uire

d  

 Y   Prer
eq 2  

Construction and Demolition Waste Management 
Planning 

Req
uire

d  

 Y 5   Cred
it 1 Building Life-Cycle Impact Reduction 5 Option 4 

 Y 1   Cred
it 2 

Building Product Disclosure and Optimization - 
Environmental Product Declarations 2  

 Y 1   Cred
it 3 

Building Product Disclosure and Optimization - 
Sourcing of Raw Materials 2 probably Option 1? 

 Y 1   Cred
it 4 

Building Product Disclosure and Optimization - 
Material Ingredients  2  

 Y 2   Cred
it 5 Construction and Demolition Waste Management  2 *assumption 

             

       
Indoor Environmental 
Quality 

Possible 
Points:   16  

 Y   Prer
eq 1  Minimum Indoor Air Quality Performance 

Req
uire

d  

 Y   Prer
eq 2  Environmental Tobacco Smoke Control 

Req
uire

d  

   1   Cred
it 1 Enhanced Indoor Air Quality Strategies 2 probably Option 2, some 

assumptions were made 
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 Y 3   Cred
it 2  Low-Emitting Materials 3 paints, adhesives, flooring, 

composite wood, ceilings, furniture 

 Y 1   Cred
it 3 

Construction Indoor Air 
Quality Management Plan  1 *assumption that IAQ management 

plan was made 
 Y 1   Cred

it 4 Indoor Air Quality Assessment 2 *assumption Option 1 Path 2 
 Y 1   Cred

it 5 Thermal Comfort 1 Option 1 
 Y 2   Cred

it 6 Interior Lighting 2  

 Y 2   Cred
it 7 Daylight 3 55% sDA, assume computer 

simulation 
 Y 1   Cred

it 8 Quality Views 1  

     N Cred
it 9 Acoustic Performance 1  

          

       Innovation Possible 
Points:   6  

 Y 3   Cred
it 1 Innovation   5  

   0 N Cred
it 2 LEED Accredited Professional 1  
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Appendix J: Trox DID632A Active Chilled Beam Data 

 

141 
 



 

 

142 
 



 

 

143 
 



 

 

144 
 



 

Appendix K: Drawings 
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WIDE FLANGE BEAM
REFER TO PLAN

SLAB ON GRADE
REFER TO PLAN

SLAB ON DECK
REFER TO PLAN

8"X8"X1"THICK
STEEL BEARING
PLATE

(4)-1" THICK
ANCHOR BOLTS

#4@12" O.C.
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