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Executive Summary 

The Penn State Ice Arena is the focus of the Integrated Project Delivery/ Building Information 
Modeling (IPD/BIM) Senior Thesis. This report will serve as a proposal for HPR Integrated Design’s 
alternative design strategies to achieve more efficient building systems within each discipline.  The 
goals of these strategies are to deliver a facility that will have the highest quality for the budget allotted, 
reduce building’s energy usage and cost, create a fast tracked schedule, and develop a LEED Gold 
certified hockey arena.  

HPR Integrated Design has developed three packages that first saved costs, and then enhanced 
the building features. These packages will give the owner options to enhance the quality of their ice 
hockey arena. HPR has studied the feasibility study up through the preliminary design, as well case 
other case studies, while using value engineering to develop these packages. Listed here are the design 
packages created. 

• Savings Package – Raising of the Event Level 
• Prominence Package – Main Arena Roof System Design 
• Function Package – Façade Redesign 

HPR has utilized the following method for developing each of the design packages.  

1. Find an Opportunity 
2. Identify our Goals 
3. Create a Strategy 
4. Define our Process 
5. Finalize the Results 

Savings Package: 

The current design shows a floor-to-floor height between the event level and main concourse 
level of 20 foot 9 inches. With this height level, there is 10-foot plenum space. The driving force behind 
raising the event level is to reduce the amount of bedrock needing to be excavated from the site. In 
doing so, the plenum space will be reduced. HPR believes that by raising the event level approximately 
three feet, excavation costs will be reduced, and the plenum space that is otherwise wasted will be 
optimized.  Savings from the reduction of excavation will then be reallocated to the main arena roof 
system design to give the Penn State University a facility of greater value for the same construction cost. 

Prominence Package: 

When HPR received the drawings for the Penn State Ice Arena, the main arena roof system’s 
design had not been completed. HPR’s designers will coordinate and design a roof for the main arena 
that is iconic and that will support the overhead lighting and duct systems.  

Function Package: 

With the design of the new roof system, the façade will have to be redesigned in order to 
coordinate in the efforts to design an iconic facility. As the façade is redesigned, materials will be 
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selected and configured to maximize daylighting, reduce energy loads, and reduce construction and 
energy costs.  

The raising of the event level and the main arena roof systems are closely connected. As the 
volume of the main arena is increased by a new roof profile, it is then reduced with the raising of the 
event level up. On a financial side, money saved in excavation by raising the event level can then be 
reallocated to the more prominent arena roof structural and MEP systems.  This will provide the 
University with a higher quality product for a competitive cost to the current design. 
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Penn State Ice Arena Overview 

 The Penn State Ice Hockey Arena project started in September of 2010 with an $88 million 
private donation to the school to establish a Division 1-A NCAA Men's and Women’s collegiate hockey 
program at the Pennsylvania State University. Later, an additional donation of $1 million was made if 
the effort to creating the new arena. The project picked up momentum almost immediately with the 
pressure of the large donation and with the expectation of construction starting in Spring of 2012 
followed by the planned opening of the facility for the 2013-2014 men’s and women’s ice hockey 
season. 

 Since hockey’s reemergence on campus in 1971, the Penn State Nittany Lion Icers have 
annually competed and succeeded at the highest levels of play winning multiple championships.  The 
Penn State University is in the process of transforming its highly successful Men’s Hockey club team 
into a Division 1- NCAA hockey program.  A key component to this process is the evaluation of the 
program’s existing facilities and the assessment of new facilities and resources that may be required.  
Based on this understanding, the university started the process with completing feasibility studies to 
determine these required additional facilities and resources. Feasibility studies had already been 
conducted in 1999 for the possibility of a future arena and were again conducted by multiple design 
firms in 2011.  Refining these studies from a decade earlier, the architectural firm of Crawford 
Architects, was selected to design the new arena.  

 The Penn State Ice Hockey Arena is a state-of-the-art 220,000 square foot area facility 
containing 2 sheets of ice, a competition ice sheet and smaller community area ice sheet.  The new 
facility has a seating capacity of over 6,300 seats with the main arena containing 6,000 seats split 
between a lower bowl and mezzanine level.  The arena includes 12 luxury suites with the possibility of 
future expansion to 24 suites. 

 The new ice hockey facility site was selected to be located on the corner of University Drive and 
Curtain Road on Penn State University northeast extents of campus.  The new Penn State Ice Arena 
will bolster the already prominent Pennsylvania State University athletic facilities sector of campus, 
which is located in close proximity to the new arena.  The Bryce Jordan Center, the university’s main 
event arena including the home of the men and women’s basketball programs sits directly across 
University Drive.  The arena is located beside the university’s football practice facility, Holuba Hall and 
only a short walk to the University’s main athletic facility, Beaver Stadium, home of the nationally 
recognized NCAA Division 1 football program. 

 The selected site boasts majestic views of both nature and architectural excellence with views of 
the area’s famous Mount Nittany peak to its southwest.  The new Penn State Ice Arena replaced 
existing parking lots and the university’s lacrosse club men’s and women’s turf field that will be 
replaced prior to construction of the new arena.  
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The Penn State Ice Hockey Arena 
Pennsylvania State University 

University Park, PA 
Home of the Penn State Nittany Lions NCAA Division 1A   

Men’s and Women’s Ice Hockey Programs 

Actual Project Team: 
Architect:   Crawford Architects, LLC   Kansas City, MO 
Structural:   Thornton Tomasetti   Kansas City, MO 
M/E/P Engineer:  Moore Engineers, P.C.   Camel, IN 
Civil Engineer:  Sweetland Engineering   State College, PA 
Landscape Architect: Lager Raabe Skafte Landscape Arch. Philadelphia, PA 
General Contractor: Mortenson Construction   Minneapolis, MN 
 
Building Statistics: 
Owner:   The Pennsylvania State University 
Location:   University Park, PA 
Size:    220,000 Sq. Ft. 
Type:    Multi-purpose Arena 
Cost:    $73,000,000 
Project Delivery:  Design-Bid-Build with CM at Risk 
Project Duration:  February 10, 2012 – September 5, 2013 

Image Courtesy of Crawford Architects 
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There is a footprint constraint for this site; a main campus utility artery runs parallel with the 
west side of the site depicted in Figure 1 as a yellow line. 

 

 

Figure 1:  Site & Surroundings 

Each floor is occupiable, with the event level hosting the ice sheets, office spaces, locker rooms, 
and training rooms. The main concourse level, where the main and student entrances are located, has 
restaurant services, concession stands, and the Mt. Nittany room.  There are 14 suites and 2 loge boxes 
for the Penn State President and donors. The main competition arena will be able to hold 6,000 
spectators, while the auxiliary arena will hold 300 spectators.  

 

 

 

 

 

 

Utility 
Lines 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

4 

Existing Architecture 

The existing architectural style of the Penn State Ice uses many of the common building 
materials found on campus.  It is mostly brick with a large glass eastern façade.  The current design 
calls for a slightly pitched metal deck roof.  Many features of the building are geared towards enhancing 
the audience’s experiences, the large vomitories, panoramic vistas, and optimize viewing angles among 
many others.  

Both sheets of ice are on the event level (shown in Figure 2) along with building administration 
offices, visitor locker rooms, team locker rooms and team support areas. The main arena ice sheet plays 
host to the men and women varsity hockey program. The second sheet, the community rink, has been 
branded the “workhorse” of the facility and will service local patrons and leagues. The entrance for the 
community rink side of the facility is located on the southeastern side of the building.  The electrical, 
mechanical, and ice plant rooms are all located on the western corner of the event level.  

 

Figure 2:  Event Level Floor Plan 

The main concourse level, shown in Figure 3, will be the level in which the majority of patrons 
will occupy during a game. It holds all of the main vomitories to enter the arena bowl as well as 
restrooms and concessions. The main building entrance is located on the northern corner of the 
building; patrons of the building are greeted by a 2 story atrium which opens up to three options for 
traveling around the building, the main concourse which wraps the main bowl, a grand stair case to the 
club level and a large vomitory into the arena bowl. The main student entrance is located on the west 
façade.  

N 

Image Courtesy of Crawford Architects, 
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Figure 3:  Main Concourse Level Floor Plan 

Moving to the top level of the facility is the club level (Figure 4); within this level are the club 
suites, club lounge, a dining space and a kitchen to support the suites and the dining space.  

 

Figure 4:  Club Level Floor Plan 

 

N 

N 

Image Courtesy of Crawford Architects, 

Image Courtesy of Crawford Architects, 
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Existing Façade & Building Enclosure 

The existing exterior façade architectural style of the ice arena is one that has graced the Penn 
State campus for many years. Large facades made of mostly brick with penetrations coming from the 
windows. One exception to this standard is northeast façade. In the preliminary designs this façade is a 
large glass curtain wall spanning the entire width of the building and wrapping the corners.   

Existing Structural System 

 The foundation system for the Penn State Ice Arena consists of a combination of micropiles 
with pile caps, grade beams, isolated footings and strip footings.  Micropiles with pile caps are used 
west of the main competition arena where the elevation of top of bedrock may vary.  Isolated footings 
are used on all interior columns around the main competition bowl and strip footings are utilized 
around the exterior walls of the arena.  Figure 5 shows the current foundation system with the area 
around the main competition bowl that is anticipated to be micro piles with pile caps. 

 

 

Figure 5:  Existing Foundations Systems  

The event level flooring systems are slabs on grade, all at the same elevation.  In the plan 
northwest corner of the arena, between the event level and the main concourse level, is a depressed 
floor slab that is utilized for hiding mechanical equipment.  This depressed slab consists of a 7 ½” 
NWC composite slab with W18 beams and W24 girders framing members.   

Image Courtesy of Crawford Architects, 
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All concrete used on the Penn State Ice Arena project is 4,000 psi with the exception of formed 
slabs, which utilizes 5,000-psi normal weight concrete.  Steel reinforcement both in the foundation 
system and throughout all other concrete walls is 60 ksi. 

 The event level is on the same elevation and covers the entire footprint of the arena.  There is a 
20’-9” floor-to-floor height from the event level to the main concourse level.  A 12” concrete foundation 
wall frames the full 20’-9” dimension between the event level and main concourse level from the 
northeast corner to the west corner of the facility.  The east side of the building footprint has no 
foundation wall and between the west corner and the south corner of the building, the foundation wall 
tapers down with the grade change. 

  Around the main competition sheet of ice, the main concourse level and club level consist of 
the typical one way, 7 ½” NWC composite slab on 3 inch, 18 gauge VLI composite deck with W18 
beams and W24 girders framing. The beams and girders frame into W18 exterior columns and W24 
interior columns at the intersection of grid lines. Typical bays on these levels range from 37’-2” x 28’-0” 
(largest bay) to 28’-8” x 28’-0” (smallest bay). 

 Special structural framing that is unique to the ice arena consists of the main competition bowl 
being made up of a precast “tub” which contains precast seating treads and risers supported on W30 
sloped beams and intermediate HSS steel members.  Additionally, both the competition and practice 
sheets of ice are installed over top a 6” slab on grade that is insulated to avoid slab upheaval due to 
freeze/thaw cycles throughout the year. 

 Long span, simply supported steel trusses span 196’-0” from column line Y3 to Y9 running 
north-south with bracing trusses spanning 240’-5” from column line X6 to X13 running east-west.  The 
top and bottom chords for all trusses are W14’s with double angles utilized as the diagonals. 

 

Figure 6:  High Roof Framing Plan 

Image Courtesy of Crawford Architects, 
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Figure 7:  Simply Supported Existing Long Span Truss 

 

 

Figure 8:  Bracing Long Span Truss 

 Figure 6 shows a simplified high roof-framing plan.  The high roof sits approximately 5’-11” 
above the flat lower roof.  The simply supported truss, shown in Figure 7, is sloped slightly to a high 
point in the middle.  These trusses are 10’-0” deep at the exterior supports and 13’-9” at mid-span.  The 
bracing trusses, shown in Figure 8, are not sloped and are a constant 10’-0” deep.  Bottom of the high 
steel is 50’-0” clear from the top of the ice, ideal for an ice hockey arena.  Intermediate framing between 
these trusses support 3 inch, 18-gauge roof deck. 

 The lower flat roofs on either side of the long span high roof span the 28’ wide north and south 
concourses around the competition arena with 24K8 bar joists.  This low roof system slopes up on the 
north side of the building to meet the high rooftop of steel to create a grand entry at the northern main 
entrance of the facility.  Additionally, the community rink roofing system consists of sloped deep long 
span trusses that span the 110’ wide space. 

 The lateral system for the arena consists of a combination of moment frames, braced frames 
and shear walls.  Shear walls are designed starting from the event level and terminating at the main 
concourse level.  The main concourse level has a small two bay-braced frame running along column 
line D between column lines 12 – 13.  This is the sole braced frame designed in the facility and extends 
up another level to the event level.   

The majority of the lateral systems are designed as moment frames at the club level.  Moment 
frames run the east-west direction above both the north and south concourse along column lines Y2.3 
and Y10 ranging from column lines X7 to X12.  Additional moment frames run north- south at these 
locations on all grids lines from X8 to X13.  The lateral system for the Penn State Ice Arena is shown in 
Figure 9. 

Image Courtesy of Crawford Architects, 

Image Courtesy of Crawford Architects, 
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Figure 9:  Existing Layout for the Arena Lateral Systems 

Existing Mechanical System 

The current design for the Penn State Ice Arena uses the campus chilled water plant to provide 
chilled water for space cooling and the campus steam plant to meet loads.  The low-pressure steam 
from the pressure reducing valve (PRV) station puts the steam through a heat exchanger and the 
building ultimately uses hot water.   

The building is served by 12 air-handling units (AHU 1-12), and 2 dehumidifying units (AHU 13, 
14).  The twelve air-handling units can be divided in to three separate categories: 

1. Energy recovery and dehumidification  
2. Energy recovery 
3. Economizer  

Group 1 (AHU 10-12) serves the main competition bowl and the community ice rink where it is 
important to control humidity.  These areas are also served by the two dehumidification units.  Group 2 
(AHU 5, 7, 8, 9) serves both of the varsity looker rooms and the community looker rooms as well as the 
offices.  The energy recovery is done with a heat pipe.  Group 3 (AHU 1-4, 6) serves the concourses, 
kitchen, restaurant, and weight room.  The economizer is important in these areas because the 
occupancy is transient; if the amount of outdoor air can be controlled based on both outside 
temperature and occupancy there can be drastic energy savings.  The remaining spaces are served by 
separate fan coil units.   

Image Courtesy of Crawford Architects, 
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 The air-handling units are located on the roof above the concourse level.  Supply ducts from 
the two units serving the main arena bowl are able to penetrate into the main arena while that of the 
other units must go down through mechanical shafts. AHU 7, 8, 13, 14 are located on the concourse 
level, not the roof.  

 
 

Figure 10:  Existing AHU Zoning for the Event Level 
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Image Courtesy of Crawford Architects, 
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Figure 11:  Existing AHU Zoning for the Concourse Level 

 

Figure 12:  Existing AHU Zoning for the Club Level 
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Image Courtesy of Crawford Architects, 

Image Courtesy of Crawford Architects, 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

12 

Existing Lighting Systems 

The lighting systems for the Penn State Ice Arena are all served on a 277V distribution system. 
The main arena has 1000 watt metal halide indoor sports lighting fixtures with black out shutters. An 
array of linear fluorescent hi-bay luminaries is placed to light the community rink.  Other areas, 
including the concourse, lockers, concessions, restrooms, and lounges of the building do not have 
lighting specified in the set of drawings provided at the beginning of the year. Site lighting is provided 
on both the northwest and the southeast side of the buildings by a pole mounted Louis Poulson fixture 
that is standard for Penn State. This fixture has a 100 watt metal halide lamp and is mounted at 12’ 
above finished grade. Lighting in the parking lot is provided by Lumark Tribute Series, which contains 
a 250 watt high pressure sodium lamp mounted at 25’, this also is the Penn State standard.  

 Lighting controls for the building are not specified in the set of drawings provided at the 
beginning of the year.  
Existing Electrical Systems 

The normal building electrical service is provided by the Penn State campus loop and is rated 
at 12,470 Volts. Two pad mounted transformers reduce the voltage to the building operational voltage 
of 480Y/277 Volts. Each of the transformers is rated at 2,500 KVA and serves one side of the building’s 
double-ended substation (main-tie-main). The substation consists of two main switchboards rated at 
3000 Amps each. One of the main switchboards has service disconnects that feed the critical and 
equipment automatic transfer switches. Beyond the main switchboard lie distribution panels for both 
equipment and lighting rated at 480Y/277 Volts. An emergency automatic transfer switch is served from 
the equipment distribution panel. Step down transformers are also used throughout the building to 
service the receptacle load.  

Emergency building electrical services are provided by the Penn State emergency campus loop 
and are rated at 4,180 Volts. A separate transformer is used to step down the primary voltage to 
480Y/277 Volt. This transformer serves the emergency automatic transfer switch, rated at 200 Amps. 
The emergency distribution system has the same basic hierarchy as the normal system, with a 
distribution panel serving the load and step down transformers. 
 

Construction Management 

 In September 2010, a private donor provided Penn State with a gift and the opportunity to 
build a Penn State Ice Hockey Arena for its Division 1 men’s and women’s hockey teams. This 
donation was made in the amount of $88 million, with an additional private donor donating $1 million. 
Of the $89 million donation, $73 million has been budgeted for the development and construction of 
this project. Mortenson Construction has been selected as the project management firm. The teams will 
officially become a Division 1 program in the 2012 to 2013 hockey season, but the facility will not be 
completed until the 2013 to 2014 season. Preconstruction will begin in January 2012, with construction 
slated to begin in March 2012. Construction is expected to be completed by September 2013. The 
project is being delivered as a Design-Build project with a LEED Gold Certification. 
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Building Information Modeling Process – Actual Project 

 The Penn State Ice Hockey Arena project is utilizing the use of a building information model 
and the process of Building Information Modeling (BIM) throughout design, construction and the 
operations phases of this facility.  Penn State University is a progressive institution in research and 
development of processes for the building industry. The institution requires that all projects exceeding 
a total project cost of $5 million in new construction, substantial renovation or as directed by the Office 
of the Physical Plant (OPP), the university owner’s representatives, MUST be designed and constructed 
using the BIM process. 

 The following section of this report will briefly describe the BIM process, the contract language 
that has been adopted for the project and an overview of the Building Information Modeling Execution 
Plan that has been established on the project. 

Contract Language 

 The Penn State Ice Hockey Arena project utilizes the standard “Form of Agreement 1-P” 
Owner and Design Professional contract language, which is a custom contract that has been developed 
by the Office of the Physical Plant for any new construction or renovations within any of the 
Pennsylvania State University campuses.  HPR Integrated Design has obtained the standard OPP 
contract language but due to sensitivity with this information, it has not been included as part of this 
report’s appendix per agreement with the University for its release. 

This project exceeds the $5 million dollar milestone for new construction and therefore meets 
the criteria necessary for BIM implementation on the project.  In addition to the standard contract 
language, Form of Agreement 1-P, OPP has developed in-house Building Information Modeling (BIM) 
Contract Addendum v1.1 to cover the additional requirements that are associated with a BIM project.  
The Building Information Modeling (BIM) Addendum v1.1 includes contract language about the 
following: 

• The Project Team shall develop a BIM Project Execution Plan (BIM Ex Plan) 
• BIM Uses to include Design Authoring and an as-built BIM Model for integration with 

Penn State’s facility maintenance program. 
• Quality Control 
• BIM Model Submission Requirements 
• BIM Model Responsibilities 
• Ownership, Rights, and Liabilities in data 
• BIM Schedule of Values – Additional Costs for BIM implementation 

This information must be developed by all design entities associated with the Penn State Ice 
Hockey Arena project prior to programming and design.  Once awarded the project, the design and 
construction entities developed a BIM implementation strategy and implementation plan that will be 
explained in further detail in the following section. 
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BIM Execution Plan – Actual Project 

The Penn State Ice Hockey Arena project team developed a BIM Execution Plan that was derived 
from Penn State University’s OPP BIM Project Execution Plan Template v2.0.  The development of this 
document was led by Crawford Architects and includes the following: 

• Identified each entities key contacts throughout the process 
• Developed BIM goals and BIM uses 
• Established the BIM infrastructure (software platforms for design) 
• Determined BIM model ownership and liabilities during design and construction 
• Developed BIM Information Exchanges and process maps 
• Determined Level of Detail (LOD) matrix for the BIM model 

The BIM Ex plan was a very important step early in the BIM process to develop key processes that 
allow for the reduction of liability and increase in efficiency throughout the project.  The following 
sections of this report will briefly touch on the different established processes for comparison to HPR 
Integrated Design’s developed BIM Ex plan and processes. 

BIM Goals and BIM Uses 

 The Office of the Physical Plant requires per contract language in the BIM Addendum v1.1 that 
BIM uses must include design authoring and operations and facility maintenance data input (6D).  The 
project team developed BIM goals that include increasing field productivity by 10%, conduction conflict 
resolution during design, creating accurate design documents, etc.  Figure 13, shows a portion of the 
BIM goals chart extracted from the actual project’s BIM Execution Guide. 

 

Figure 13:  Established BIM Goals - Actual Project 

 BIM Uses were then determined using the BIM goals that include 3D clash detection, energy 
analysis, design authoring, facility operation data integration (6D), building envelope analysis and other 
uses that were in addition to contractual requirements. 
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BIM Infrastructure – Design & Construction 

 The actual project team will utilize Revit v.2012 (A/MEP/S) for design authoring, AutoCAD 
2012 (2D and 3D), SketchUp v8.0, 3DS Max v. 2012 and other analytical programs for use during the 
design portion of the ice arena.  During construction the project team will utilize BIM technologies 
such as Primavera P6 (scheduling), Navisworks v.2012, MasterSpec (documentation control) and 
Synchro for 4D scheduling analysis. 

BIM Information Exchanges and Model Ownership 

 The actual project team will utilize a federated modeling platform, which includes an 
architectural design basis model only.  This model was developed by the architect and MEP designers 
that is being utilized by the construction manager to develop means and methods only.  The BIM model 
was developed and resided with the architect until design was completed in February 2012. 

 At this time, a federated model approach was adopted which consists of an architectural model 
and an additional construction model that run parallel throughout the project for liability reasons.  
Responsibility for these models was not confirmed at the time of this updated BIM Ex release.  The 
construction model will incorporate shop drawing level models for the various systems while the 
architectural model will continue with updates from bulletins and RFI changes throughout 
construction.  At the end of the construction process the models will be linked together to create an as-
built model for integration with Penn State’s facility management software MAXIMO. 

Level of Development (LOD) Matrix 

 Level of Development definitions were established in the BIM Execution Guide as a project 
team with the following as a result: 

• Level 100 – Schematic Design 
• Level 200 – Design Development 
• Level 300 – Construction Documentation 
• Level 400 – Construction Administration/ Shop Drawings 
• Level 500 – Record Drawings/As-Built 

A matrix including all project team entities and software platforms was created to determine to 
what level of detail the models must be created at each milestone in the project.  Below, Figure 14 
shows a sample of one of these charts. 

 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

16 

Figure 14:  LOD Matrix - Design Development for Actual Project 

Building Information Modeling Process - Thesis 

 As a part of the BIM thesis, HPR Integrated Design met with the Owner’s representative to 
obtain actual project contractual documentation and requirements to establish real world constraints.  
Since this academic endeavor does not have contractual constraints HPR Integrated Design did not 
conform to the University’s standard contract language from the Form of Agreement 1-P and 1-C.   
HPR Integrated Design did recognize OPP’s Building Information Modeling (BIM) Addendum v.1.1.  
The requirements for this document are described in the actual project section for Building 
Information Modeling above.  Figure 15, shows a comparison of how HPR Integrated Design 
approached the contractual language on this project: 

 

Figure 15:  Contractual Language Comparison 

 To conform to the OPP BIM Addendum, HPR Integrated Design developed a BIM Execution 
Plan utilizing the Penn State University’s OPP BIM Project Execution Plan Template v2.0.   The 
following sections of this report will summarize the communication processes, BIM Goals and Uses, 
model management and level of development matrices.   

BIM Goals and Uses 

 Through collaboration between disciplines and as a team acting as the architect, HPR 
Integrated Design developed BIM Goals for the BIM thesis project.  Major BIM goals include creating 
seamless workflow integration between all of the disciplines, design a project that is on-time and 
on/under budget, and maximize the efficiency of the design & coordination process to minimize 
clashes.  A complete list of HPR Integrated Design’s BIM Goals can be found in Figure 16 below.  
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Figure 16:  Thesis BIM Goals 

 Through the creation of BIM Goals for the thesis project, HPR Integrated Design chose 
appropriate BIM uses from a list derived from OPP BIM Project Execution Plan Template v2.0.  Major 
BIM uses include: 

• Design Authoring 
• 3D Clash Detection 
• Construction Sequence Planning (4D Scheduling) 
• Cost Estimation (5D) 
• Structural, Lighting, and Mechanical Analysis 

Figure 17 shows HPR Integrated Design’s BIM Use chart from Section D of the BIM Execution 
Plan. HPR’s entire BIM Execution Plan is located on the HPR website. 

 

Figure 17:  Thesis BIM Uses 
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Communication Processes 

 HPR Integrated Design continued to develop the BIM Execution Plan early in the fall semester 
to establish meeting times & locations, communication flow between disciplines and also advisors.  
HPR developed BIM roles and responsibilities and allocated anticipated time and resources to each 
BIM use established in section D of the BIM Execution Plan.  The information in the following sections 
can be found in Section E:  Organizational Roles/Staffing and Section I:  Collaboration Procedures of 
the HPR Integrated Design BIM Execution Plan. 

Communication Flow 

 HPR Integrated Design documented the process of communication flow between all 
appropriate personnel involved with the BIM thesis.  Communication between course administrators, 
course advisors, professional practitioners and individual members of the group was established and 
documented according to Figure 18 below. 

 

Figure 18:  Communication Flow Diagram 

 This process was completed not out of necessity for this project but as an attempt to follow 
Owner requirements to develop BIM Implementation strategies which would be much more complex 
on a real project with multiple entities.  Additionally, the construction manager assigned BIM roles and 
responsibilities to all disciplines and HPR Integrated Design developed an anticipated time and 
resource allocation for each BIM Use.  This information along with the BIM roles and responsibilities 
can be found in Section E:  Organizational Roles/Staffing of the HPR BIM Execution Plan. 
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Collaboration Procedures 

HPR Integrated Design decided as a design team at the beginning of the process that for 
efficiency design & coordination to occur, collaboration procedures had to be established and refined 
early in the thesis project to allow for effective team integration.  Section I of HPR’s BIM Execution 
Guide was used to document all of the team’s collaboration procedures.  In this section information 
about collaboration strategies, meeting procedures, information exchanges and conflict resolution were 
established in accordance with team discussions early in the project. 

Collaboration and Meeting Procedures:  
Collaboration procedures were documented to remind the design team of the commitment of 

collaborative design throughout the project.  HPR’s commitment to BIM meant valuing other team 
members input and knowledge supplemented with knowledge of the expert in each discipline to create 
a high quality product.  HPR established that collaboration techniques would include: 

• Group Meeting (Primary) 
• Autodesk Project Bluestreak 
• Texting List-Servs 
• Email 
• Meeting Minutes 

HPR Integrated Design established primary and secondary forms of communication with face to 
face interactions as encouraged when possible.  HPR Integrated Design integrated class and personal 
schedules using Google Calendars to create a weekly meeting schedule. The schedule is shown in 
Figure 19, laying out all meetings for different meeting types. 

 

Figure 19:  Weekly Meeting Schedule 

Conflict  Resolution: 
 As a part of the BIM thesis, any architectural decisions had to be made as a collaborative result 
of all disciplines having equal input.  HPR Integrated Design established conflict resolution procedures 
to allow for the resulting to decision to be as fair and as educated as possible. 
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Savings Package 

 

 

 

SAVINGS PACKAGE 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

21 

Opportunity Statement 

 Through review of the current design bid packages, it was found that earthwork bid package 
has a high budget. Digging deeper into this package it was found that the excavation bid package has a 
budget of $2.5 million. We felt that this was relatively high for a project of this size. Review of the 
geotechnical report of the site chosen for the new Penn State Ice Arena concluded that the site has 
bedrock at a shallow depth below grade.  Figure 20 gives a visual of the top of rock map for the site. 
Color scale for bedrock depth shows bedrock in the darkest red is 5 feet below surface and steps down 
in increments of 5 feet with the yellow portions at 30 plus feet below grade.   

 

Figure 20:  Bedrock Depth 

The amount of bedrock needed to be removed causes the cost of excavation increase sharply 
and also extends the schedule due to how laborious nature of rock removal through blasting. 

Excavation Budget and Schedule 

Total Budget:   $2,500,000 (3.4 % of overall budget) 

Scheduled Time:   35 Days – Entire Site 

Image Courtesy of Pennoni Associates 
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Building Footprint Cost Break Down 

 Geotechnical engineering services, Pennoni Associates Inc., provided the project team with a 
geotechnical report that showed boring holes drilled on the site every 100 feet, occasionally drilling at 
117 feet. Based on these boring holes, the project team determined that 44,000 cubic-yards of bedrock 
would need to be removed. This is due to the numerous spikes of bedrock below the elevation grade. 
Figure 21 shows the various spikes in elevation in relation to the main concourse level. The dark red 
shows spikes being of 5 to 10 feet below the elevation grade of 1170 feet. 

 

Figure 21:  3D View of Bedrock Below Grade 

 HPR’s construction manager determined the amount of soil and bedrock to removed from the 
building’s footprint by taking an average bedrock elevation at each of the four boring points in a 100 
foot by 100 foot section, as well as the 100 foot by 117 foot sections. This was done to give an average 
bedrock elevation in each of the sections. See Appendix F for the averages of the current design taken 
for each section. 

 By taking the averaged elevations, HPR was able to determine the cubic-yardage of rock and 
soil to be removed. The breakdown is shown below. These numbers include the costs for excavation of 
foundation footers, elevator pits, the ice melt sump, and the hydro pit. Note, that the amount of rock to 
be removed is three times less than that of the soil, yet the cost of rock removal due to blasting nearly 
identical to that of the soil. By interpolation, HPR was able to determine the amount of days needed in 
the schedule for removal. The overall days to complete the building footprint excavation are 25 days. 
The costs and durations were determined using Craftsman’s 2012 National Construction Estimator – 60th 
Edition.  See Appendix F for schedule and cost extractions. 
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Total Cost: 

Total Excavation: 

Scheduled Work Days: 

Soil 

$582,041 

73,207 CY 

13.5 

Rock 

$532,757 

25,401 CY 

11.5 

Goal 

HPR set out to deduce the amount of bread rock excavation by raising the entire event level in 
elevation while keeping the concourse level at grade to preserve the architect’s vision.   It was important 
that we keep codes, sight lines, ADA, price points, plenum space, and the architectural vision all in 
mind when determining a distance to raise the event level up.  

 

Design Approach  

As a group we determined all the factors that could influence the distance we would be able to 
raise the event level. That distance was determined based upon the variables listed below: 

• Egress logistics of the main arena bowl 
• ADA seating  
• Sight lines  
• The number of seats at different price points 
• Constructability 
• Plenum space 
• Grading on the southern side of the building 
• Loading dock logistics 
• Other site restrictions such as building width 

Below, Figure 22 shows a sectional view of the proposed changes to the event level. The white 
surfaces represent the existing conditions and the blue represents the proposed changes. Notice that 
the plenum below the concourse level shrinks and the slope of the arena seating stays the same.  This 
reduction in plenum space will require a more much closely collaborated plenum space.  HPR used a 
highly integrated Revit model to insure the constructability of this design and used Navisworks to 
eliminate clashes.  
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Figure 22:  Event Level Elevation Proposed Changes 

 

Figure 23:  3D Sectional View of South Corner of Arena Bowl 

 

 

Figure 24:  Sectional View of Reallocated Seating 

10’-9” 
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Business Model 

 HPR Integrated Design established the seating capacity and price points of these seats as a 
critical design factor during the raising of the Event Level.  To become more familiar with the business 
model for the arena, HPR investigated preliminary feasibility studies conducted by Crawford Architects 
in 2010 as well as obtain information through continued communication with an Owner’s 
representative within the athletic program’s financial sector. 

 HPR Integrated Design investigated the 2010 feasibility study from Crawford Architects and 
developed documentation to allow for quality control for both seating capacity and the profitability of 
any design changes by looking at price points from comparable hockey programs.  According to the 
feasibility study, the Owner asked for the architect to use two different case studies for comparison for 
the Penn State Ice Hockey Arena project:  the Goggin Ice Center at the University of Miami (OH) and 
the new Compton Family Ice Arena at the University of Notre Dame.  The feasibility study also 
investigated a prior feasibility study that was completed in 1999 to evaluate the necessity for an ice 
hockey arena. 

 The results of the 2010 feasibility study concluded the results shown below in Table 1. 

Facility - Arena and 
Auxiliary Ice Sheet 

Seating 
Capacity 

Opened 
Number of 
Ice Sheets 

Gross Area in Square 
Footage 

University 
Enrollment 

New Penn State Hockey 
Arena 

6,000 2013 2.0 216,240 45,000* 

Penn State 1999 Study - 
Option 5 

6,000 - 2.5 214,094 37,000* 

Compton Family Arena - 
Notre Dame University 

4,000 2010 2.0 191,197 8,500 

Goggin Center - 
University of Miami (OH) 

3,000 2006 2.0 170,033 16,000 

*Penn State University Park Campus Only 

Table 1:  2010 Feasibility Study Comparisons 

 The feasibility study determined that the new Penn State Ice Hockey Arena should consist of a 
6,000 seat competition arena with an additional auxiliary or community sheet of ice.  The study stated 
that the 6,000 seat capacity should be broken down into 4,000 general admission seats, a student section 
or “Section E” that should be around 1,000 seats and 500 club seats on a mezzanine level.  The business 
model developed by the Pennsylvania State University also required a total of 24 luxury suites (12 in the 
present design and the option for future expansion to another 12 luxury suites. 

 From this information, HPR Integrated Design looked at the contract documents, specifically 
architectural drawing A0-20 – Seating Bowl Plans, which detailed the existing seating arrangement 
which totaled 6,031 seats in the main arena and an additional 300 seats in the community rink for a 
grand total of 6,331 seats in the entire facility.   
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HPR Integrated Design extracted the information from the “Seating Counts per Seating 
Section” chart on A0-20 and established price points for each seating section to track profitability for 
the redesign changes.  Table 2 shows a portion of the seating chart with price points established by 
color.  The entire seating chart can be found in detail located in Appendix F.  Through investigation 
into other programs, HPR Integrated Design decided to follow the Notre Dame Ice Hockey program in 
terms of ticket prices and profitability because of the similar lower bowl and upper mezzanine seating 
arrangement.  Table 5 shows the assumed ticket prices and profitability for a sold-out hockey game at 
the new Penn State Ice Hockey arena. 

  

 

Table 2: Existing Seating with Price Points 

PROPOSED	
  PRICE	
  POINTS:	
   	
  	
   	
  	
   	
  	
   	
  	
   	
  	
  
	
  	
  

	
   	
   	
   	
   	
   	
   	
  
	
  	
  

	
  	
   General	
  Admission	
  
	
   	
   	
  

3977	
   seats	
  
	
  	
   General	
  Admission	
  -­‐	
  Students	
  

	
  
1046	
   seats	
  

	
  	
   Club	
  Level	
  
	
   	
   	
   	
  

695	
   seats	
  
	
  	
   Suite	
   	
  	
   	
  	
   	
  	
   	
  	
   	
  	
   279	
   seats	
  

Table 3:  Existing Seating Capacity per Price Points 

 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

27 

	
  
Glass	
  

Lower	
  (non-­‐
glass)	
   Mezzanine	
   Club	
  

Adults	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  20.00	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  14.00	
  	
   	
  $	
  	
  	
  	
  	
  	
  20.00	
  	
   	
  $	
  40.00	
  	
  
Senior/Youth	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  20.00	
  	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  7.00	
  	
   	
  $	
  	
  	
  	
  	
  	
  20.00	
  	
   	
  $	
  40.00	
  	
  

http://www.und.com/tickets/nd-­‐tickets-­‐hockey.html	
  

	
   	
  
Table 4:  Notre Dame University Ticket Prices 

EX
IS
TI
N
G
	
  

Penn	
  State	
  Ice	
  Arena	
  -­‐	
  Single	
  Game	
  Ticket	
  Sales	
  Profits:	
  
	
  	
  

	
   	
   	
   	
  
	
  	
  

Glass	
  Seats:	
   161	
   seats	
  
	
  

	
  	
  
	
  	
  

	
  
	
  $	
  	
  	
  	
  3,220.00	
  	
   per	
  game	
  

	
  
	
  	
  

Lower	
  Bowl:	
   3816	
   seats	
  
	
  

	
  	
  
	
  	
  

	
  
	
  $	
  	
  40,068.00	
  	
   per	
  game	
  

	
  
	
  	
  

Club	
  Seats:	
   695	
   seats	
  
	
  

	
  	
  
	
  	
  

	
  
	
  $	
  	
  13,900.00	
  	
   per	
  game	
  

	
  
	
  	
  

Suite	
  Level	
  Seats:	
   279	
   seats	
  
	
  

	
  	
  
	
  	
  

	
  
	
  $	
  	
  11,160.00	
  	
   per	
  game	
  

	
  
	
  	
  

*Student	
  Section:	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1,046	
  	
   seats	
  
	
  

	
  	
  
	
  	
  

	
  
	
  $	
  	
  	
  	
  5,230.00	
  	
   per	
  game	
  

	
  
	
  	
  

*Assumed	
  $5	
  dollar	
  student	
  tickets	
  
	
  

	
  	
  
	
  	
  

	
   	
   	
   	
  
	
  	
  

GRAND	
  TOTAL	
   	
  $	
  	
  73,578.00	
  	
   per	
  game	
   	
  	
   	
  	
  

Table 5:  Profitability Study - Existing 

 HPR Integrated Design established these charts with educated assumptions that would allow 
the design team to track seating capacity and profitability or price points concurrently as the arena’s 
alternative seating layout was established. 

 Additionally, HPR Integrated Design conducted interviews with the athletic department 
Associate Athletic Director, Greg Myford, to understand more about the business model and 
understand further the cost impact of facility maintenance and financial expectations for the new arena.  
From this interview, HPR Integrated Design learned that the Owner expects the hockey program to be 
a self-sustaining varsity sports within five years of its initial conception. 

Sight Lines 

 An in-depth study on sight lines within the main arena was conducted by HPR to consider the 
consumer experience for all visitors with ADA considerations at the forefront of the decision making 
process.  HPR Integrated Design investigated the contract documents, specifically architectural drawing 
A0-21: Sightline Sections.  Figure 25 below shows the existing seating arrangement with excellent 
existing site lines. 
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Figure 25:  Existing Typical Sightline Section 

 Studying the typical sightline sections from the existing design revealed that site lines were a 
critical factor in the design of the lower bowl precast stadia slope.  As per ADA code section 4.33 the 
code does not specify a minimum requirement for ADA occupant sightlines, therefore it was assumed 
that the sightlines required by IBC 2009 were acceptable for the ADA seats. While this is not a code 
requirement at the present time, HPR Integrated Design decided that it was important to maintain the 
best possible sight lines for handicapped customers at any point during an event.  The existing seating 
arrangement included an approximately 4’-0” tall wall behind the last row of seats to allow for a person 
to stand up and handicapped seating above to still have an unobstructed view of the ice. 

 It was determined that the architect had created a seating arrangement that was driven by the 
sightlines of the visitor and any change in Event level elevation would result in obstruction of 
handicapped sight lines.  Therefore, HPR Integrated Design made a collaborative decision to continue 
to raise the Event Level and address the sightlines of the arena in the following manner: 

• Remove seats in rows directly in front of handicapped seating to allow for optimum site lines. 
• Redesign the vomitories with ADA compliant (1:12 slope) ramps to allow for handicapped seats 

to be at a higher elevation to optimize site lines. 

HPR Integrated Design decided to allow another variable in the raising of the Event Level control 
the design and make necessary corrections to the plans to optimize the sight lines for handicapped 
personnel visiting the arena afterwards. 
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Architectural Considerations & Applicable Codes 

 The raising of the Event Level and reallocation of seating could potentially change architectural 
design code compliance design considerations.  HPR conducted an in-depth code compliance check 
with the 2009 International Building Code (IBC 2009) with guidance from architectural academic 
advisors. 

Accessibility Issues 

 HPR Integrated Design checked the minimum required number of ADA accessible seats using 
Table 1108.2.2.1, shown in Table 6, in the 2009 IBC. 

 

Table 6:  Accessible Wheelchair Spaces 

 Using Table 1108.2.2.1 and using the 6,031 seating capacity of the main arena, HPR Integrated 
Design determined the minimum number of ADA seating spaces is 29 total seats.  Equation 1 shows 
the calculation of minimum total ADA seats in the lower bowl section. 

Equation 1 

Min. Accessible Wheelchair Spaces = 6+ 1((3977 seats – 500 seats/150) = 29 Total ADA Seats  

 HPR Integrated Design also kept in mind criteria for providing at least one companion seat 
with every ADA wheelchair space in accordance with Section 1108.2.3 complying with ICC A117.1.  
Additional requirements for egress were conducted to ensure code compliance with an alternative 
seating arrangement in the lower bowl pending the raising of the event level.  Occupancy loads for the 
alternative seating design were calculated per Table 1004.1.1 in the 2009 IBC, which gives the maximum 
floor area allowances per occupant.  Section 1004.7 was utilized for fixed seating, which simply 
calculates occupancy load based on the number of seats in each seating section. 

 Minimum required egress width was determined using IBC 2009 section 1005.1 using Equation 
2, which states that the minimum width is the occupant load multiplied by 0.3.  Below is a sample 
calculation for egress in Section 106, which is one of the largest sections for occupancy load. 
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Equation 2 

Min. Required Egress Width = 210 occupancy load x 0.3 = 63” or 5.25’. 

 The existing aisles are designed to be 6’-0” wide which allowed for an additional 30 seats to be 
placed in the largest section without any code compliance issues for egress.  If necessary for sight line 
issues described in the previous section, vomitory ramps would need to comply with section 1010.2 that 
states that the minimum slope of ramps “have a running slope not steeper than one unit vertical in 12 
units horizontal (8% slope).” 

 Another code compliance issue that was determined to be a critical factor to track as the team 
decided on the dimension to raise the event level was minimum ceiling height in egress areas.  The 
existing design had a 10’-0” ceiling in the vomitories.  According to section 1003.2 in the 2009 IBC, the 
minimum ceiling height in an area for means of egress is 7’-6”.  Although this is a minimum, HPR 
determined that this dimension was too low for best practices in architectural design and therefore may 
require adjustments to the above Club Level elevation even if the minimum head clearance of the 
alternative design is code compliant. 

 The 2010 ADA standards for accessible design were also investigated to determine minimum 
dimensions required for handicapped maneuvering and clear floor space.  Figure 26 below shows 
Figure 304.3.2 out of the 2010 ADA standard, which shows the T-shaped turning space required for 
ADA compliance. 

 

Figure 26:  Figure 304.3.2 - 2010 ADA Standard 

 Additionally, the ADA accessible seat arrangements must conform to section 305.3 which states 
that the clear floor space for a code compliant ADA wheelchair seat is 48” min x 30” min.  HPR 
Integrated Design carefully considered all of the above mentioned code compliance issues in the raising 
of the event level and balanced all of the design variable to maintain a code compliant facility. 
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Determining the Optimal Distance 

Sight lines and ADA Seating  

When HPR Integrated design first proposed the raising of the event level it was our assumption 
that the max distances we could raise the event level would be restricted by the plenum size.  As we 
dove into the design we quickly realized that although the coordination of the plenum space would be a 
challenge, the biggest limiting factor became a combination of the number of seats, ADA in particular, 
and sight lines.   

Based on the sight line study we knew that seats would have to be removed in front of the ADA 
seats to make the raising of the event level significant.  A quick look at the existing plans shows that 
there is a row of ADA seats that surrounds the entire rink. Although the plans only show the ADA seats 
located near the aisle it was HPR integrated Design’s assumption that an ADA seat could be put 
anywhere in that top row to allow for flexibility.   Figure 27 shows the seats that would have to be 
removed to accommodate sight lines in these areas.  By doing this we would lose a total of 325 seats or 
roughly 5.4% of the arena’s seating capacity. This was just outside of the range HPR Integrated design 
deemed acceptable so we would have to relocate the seats we removed.  It was our goal to keep the 
same number of seats or increase them if at all possible.   

 

Figure 27:  Removed Seating 

Based on our code analysis we found that the current design provided more than double the 
required ADA seats.  We could reduce the number of seats that had to be removed by relocating some 
of the ADA seat and eliminating others.  The original design called for 48 ADA seat and after this 
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rearrange our proposed design has 31. Once the ADA seats were located we created a boxed in seating 
area around them.  This allowed us to only remove the seats in front of the ADA seats.   

By making the changes previously noted HPR Integrated Design determined that the maximum 
distance the event level could be raised was 1’-8 ”.  This number was determined by finding the 
maximum height that still allowed a person sitting in an ADA seat to see over the shoulder of the first 
spectator in front of them while standing.  Although this is not the ideal sight line it was deemed 
acceptable for this academic exercise.   With the help of some preliminary cost estimation we 
determined that to make this exercise feasible, the event level would have to be raised more than this.  
To help increase the amount we could raise the event level we would have to raise the height of the 
ADA seats.  We had no intensions of changing the elevation of the main concourse however; we 
wanted to maintain that level because it allowed the patrons to enter the arena on the main concourse 
without any stairs.  Increase the elevation of the ADA seats without raising the main concourse HRP 
Integrated Design proposed the vomitories that link the Main Concourse with the main bowl was 
sloped up at a rate of 1:12.  This adjustment lifts the ADA seats up another 1’-8” and increases the 
Maximum dimension to 3’-2”. 

Finalized Sight Lines 

HPR Integrated Design investigated sight lines as a design factor prior to figuring out the 
optimal dimension to raise the event level.  It was determined that the site lines had been a critical 
factor in the design of the lower bowl precast stadia slope and any raise in elevation would result in 
sight line issues.  HPR decided that the raise in elevation would be conducted and then the team would 
respond to sight line issues accordingly. 
 By raising the event level only by the determined 38”, the sight lines of the lower bowl for 
regular general admission seating was not affected since the entire level was raised as a whole.  ADA 
handicapped seating was greatly affected however and required design alterations to create satisfactory 
sight lines once again.  Although the 2001 version of the ADA standard is currently adopted by the 
AIA, HPR Integrated Design decided to follow the new, stricter 2010 version as much as possible to 
provide the Owner with the best possible product. 

 According to the Department of Justice’s 2010 ADA standard code regulations, the code 
requires that “Wheelchair seating locations must provide lines of sight comparable to those provided to other 
spectators… A comparable line of sight allows a person using a wheelchair to see the playing surface between the 
heads and over the shoulders of persons standing in the row immediately in front and over the heads of the 
persons standing two rows in front.”   After the initial raise in elevation of the event level, ADA sight lines 
did not meet these requirements. 

 HPR Integrated Design decided to make two modifications to the seating arrangement to try to 
meet all criteria in the 2010 ADA standard.  The first modification was to remove all seats in the row 
directly in front of the ADA seating to allow clearance and improve sight lines.  As shown in figure xx, 
HPR removed all seats in the top row of the lower bowl to be conservative and replaced these lost seats 
above the main concourse in a raised seating arrangement.  This modification improved sight lines but 
did not create a satisfactory sight line for ADA seating.  Additionally, HPR decided to use ramps in the 
vomitories that satisfied the IBC 2009 section 1010.2 for ramps that cannot have a slope of greater than 
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1:12.  This allowed for an elevated platform which was raised an additional 1’-8” higher than the main 
concourse level. 

 Structural calculations were performed to provide supplementary framing to allow for this 
elevated platform and steps were added to the lower bowl to accommodate the change.  As shown in 
Figure 30 below, the final sightlines were set for ADA seating which allow meet the criteria for ADA 
seating to see over the shoulder of the first row in front of the seating platform and over the head of the 
following rows when standing.  Meeting this criterion was not required but established as a critical 
design factor that HPR decided must be met for best design practices. 

 

Figure 28:  Typical Sightline Sectional View - Lower Bowl 
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Figure 29:  Proposed Sloped Vomitories 

 HPR Integrated Design also conducted similar sightline studies for the student section and 
typical lower bowl section without ADA seats to confirm satisfactory sightlines.  The new proposed 
seating arrangement was successful in creating sightlines that allow for all visitors to the arena to enjoy 
the event equally.  Additional sightline sections can be found in Appendix F. 

 

 

Figure 30:  Proposed ADA Sightlines 

In Figure 30, the image on the left shows the original design and the image on the right shows 
the new sightlines 
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Plenum Check  

Once we had determined this distance we began modeling the changes.  There is an intense 
amount of coordination required when you start shifting levels around, especially when not all model 
elements are linked to levels.  The first step was to actually raise the event level up 38”.  This had to be 
coordinated in every disciplines model because of the use of a federated modeling system.  When all 
the models had been updated and any conflicts caused by these changes resolved, a check was done to 
make sure the new plenum size was indeed large enough.   The main duct runs were sized and 
preliminary locations for ducts, pipes, and electrical conduit were determined.  Very little was actually 
modeled at this point.  The objective was to determine if the plenum space was adequate for all our 
systems. Figure 31 shows some of the modeling done at this stage.  

 

Figure 31:  Proposed Plenum Space 

Once the plenum was deemed acceptable the mechanical designer went forward with more 
detailed modeling while the keeping in mind the electrical designer’s requirements.  At this time the 
rest of the team went forward with determining the best place to put the displaced seats.   

Relocation of Seats 

Once the ADA sight lines meet HPR Integrated Design’s standards and the plenum space was 
checked we began the process of adding seats back in the main arena bowl.  We want to keep these 
seats at the same price points as the once removed so no to alter the business model. Figure 32 show a 
schematic sketch on how HRP Integrated Design planned to replace the lost seats.  The lay out called 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

36 

for seat to be placed in the inter aisle the surrounded the main arena bowl.  This would force patrons to 
leave the main bowl and head to the main concourse in order to switch sections.   

 

Figure 32:  Schematic of Seat Reallocation 

 To accomplish this extra stairs would have to be added to allow access to the upper seats.  
Based on the code analysis HPR Integrated Design preformed we determined that two sets of stairs 
were required for each of the upper sections.  Figure 33 shows the final design.  This alternative design 
lead to a total net gain in seats, the total gain was 154 seats, all at the same price point as those that 
were previously removed.  

 

ADA	
  Seats 

 

 

Seat	
  Removed 

 

  

Potential	
  Relocated	
  
Seats 
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Figure 33:  Final Design of ADA Seating with Added Seating 

Business Model Implications 

HPR Integrated Design used seating capacity and price point charts derived from the contract 
drawings to track the business model throughout the Event Level raising.   Throughout the elevation 
shifting process explain in the sections prior, real time tracking for seating capacity and price points 
was conducted. Table 7 shows a comparison of the existing and proposed alternative seating 
arrangement from the shifting of the event level. 

Penn	
  State	
  Ice	
  Arena	
  -­‐	
  Seating	
  Capacity	
  &	
  Profitability	
  Study	
  

SEATING	
  CAPACITY	
   PROFITABILITY/PRICE	
  POINTS	
  

Seating	
  Price	
  Point	
   Existing	
   Proposed	
  
Net	
  

Change	
  
Profitability	
  	
  
(Exist.)*	
  

Profitability	
  
	
  (Proposed)*	
  

Net	
  
Change	
  

Lower	
  Bowl	
  (GA)	
   4,011	
  seats	
   4,154	
  seats	
   3.57%	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  43,288.00	
  	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  45,146.50	
  	
   4.29%	
  

Student	
  Section	
  (GA)	
   1,046	
  seats	
   1,023	
  seats	
   -­‐2.20%	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5,230.00	
  	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5,115.00	
  	
   -­‐2.20%	
  
Club	
  Level	
  Seating	
   695	
  seats	
   695	
  seats	
   0.00%	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  13,900.00	
  	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  13,900.00	
  	
   0.00%	
  

Suite	
  Seating	
   279	
  seats	
   279	
  seats	
   0.00%	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  11,160.00	
  	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  11,160.00	
  	
   0.00%	
  

TOTAL	
   6,031	
  seats	
   6,185	
  seats	
   2.55%	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  73,578.00	
  	
   	
  $	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  75,321.50	
  	
   2.37%	
  

*Profitability	
  based	
  on	
  a	
  per	
  game	
  basis	
  and	
  the	
  assumption	
  of	
  a	
  sold	
  out	
  game	
  
	
   	
   	
  

Table 7:  Comparison of Seat Capacity & Profitability 

 After raising the event level in elevation by 38” (3’-2”) and displacing seating lost due to sight 
lines considerations to above the main concourse level, HPR Integrated Design’s alternative seating 
arrangement gave the arena 154 additional seats, which is roughly 2.55% of the original seating capacity.  
As shown in Table 7, the lower bowl added 3.57% more seats for general admission ticket sales but lost 
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2.2% of student section seats.  The club level and luxury suites seating capacity was not affected with 
this alternative seating arrangement. 

 As described in the rearrangement process in the prior sections, the displacement of seats lost 
for ADA seating site lines was displaced to above the main concourse which meant that seating capacity 
in any section in the lower bowl was not lost rather a few additional seats were added.  The student 
section, also known as “Section E” however did not have the ability to displace seats and an entire row 
of seats was lost below ADA seats to allow for acceptable sight lines and ultimately Section 302 was the 
only section that lost seating.   Note that seating capacity and price point charts can be found it their 
entirety in Appendix F. 

 Using assumptions for ticket prices from the comparable Notre Dame ice hockey program and 
the assumption of a sold out hockey game, HPR Integrated Design was able to project approximately 
2.5% more profitability for the arena with an increase in general admission tickets only.  Therefore, the 
price points for the arena seating has not been raised rather a larger supply of general admission seats 
was provided.  

Americans with Disabilities Act (ADA) Seating 

 The American with Disabilities Act (ADA) requires that all new arenas must be accessible to 
people with disabilities so they, their families, and friends can enjoy equal access to entertainment, 
recreation, and leisure.  According to the 2010 ADA Standards for Accessible Design, section 28 CFR 
35.151G for New Construction, wheelchair spaces and companion seats are to be dispersed equally to 
all levels that include seating served by an accessible route.  The ADA code continues to state that 
wheelchair seating must be an integral part of the seating plan so that people using wheelchairs are not 
isolated from other spectators or their friends and family.   

It is important to note that the 2001 ADA Standards for Accessible Design are currently 
adopted by AIA.  HPR Integrated Design determined that they would commit to trying to design to the 
more stringent 2010 ADA code whenever possible.  HPR investigated the existing arena’s ADA seating 
plan shown in Figure 34 below to establish the criteria to maintain during the redesign process. 
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Figure 34:  ADA Seating - Main Concourse Level Current Design 

 

Figure 35:  ADA Seating - Main Concourse Proposed Layout 
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 Due to relocation of displaced seating resulting from ADA sight line considerations, the main 
concourse inner ring design scheme was altered to an alternative seating arrangement that includes 
seats above the main concourse level.  Due to this change in seating arrangement, HPR decided to 
create flat alcove platforms where ADA wheelchair accessible seating could be provided.   All alcoves 
meet 2010 ADA regulations per section 305.3 and meet criteria for maneuverability and reach 
requirements. 

 It was important to HPR to remain code compliant throughout this process; however, due to 
limited spatial availability not all ADA seats were displaced or relocated to meet the existing design.  
HPR Integrated Design is compliant with the minimum number of ADA required seats per IBC 2009 
Section 1108.1.  Table 8 below documents the changes in ADA seating. 

 

Table 8:  ADA Handicapped Seating - Code Compliance Check 

Alternative Seating Layout  

 Through the process of raising the event level and the club level, an alternative seating layout 
was created by HPR Integrated Design.  No changes were made to the club level racker seating other 
than the 4’-0” rise in elevation to allow for comfortable head clearance on the event level.  Major 
changes in the lower bowl seating arrangement included: 

• Rows in front of ADA handicapped seating areas were removed to allow for sight lines to meet 
criteria per 2010 ADA standards around the top row of the lower bowl. 

• Displaced seating was added above the main concourse on raised seating platforms that 
replaced the inner circulation ring of the arena. 

• ADA seating alcoves were designed to allow for ADA seating to be located equally around the 
main concourse level to meet criterion for 2010 ADA standard. 

The following figures demonstrate the change in seating arrangement and the location of displaced, 
removed and new seats.  Changes in ADA seating can be found in Figure 35 in the above section.  
Figure 36 shows the existing seating layout from the contract drawing A0-20: Seating Bowl Plans.   
Figure 37 shows a diagram of which seats were removed, displaced and/or added to the arena following 
the changes made as part of this value engineering opportunity.  Finally, Figure 38 shows the 
alternative seating layout that HPR Integrated Design has proposed. 
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Figure 36:  Lower Bowl Seating Arrangement - Existing 

 

Figure 37:  Main Concourse Seating Changes 
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Figure 38:  Proposed Lower Bowl Seating Arrangement 

Collaborative Plenum Design  

 The use of BIM technologies was essential for designing a plenum space for the event level that 
was clash free.  The electrical, mechanical, and structural systems were all modeled in their disciplines 
central model and then shared with the other disciplines via the federated model system.  This allowed 
use to monitor each other’s changes and progress throughout the modeling process.  We were also able 
to perform formal clash detection once the design had made substantial progress. HPR Integrated 
Design went in to the design knowing that integrating our designs from the beginning would help to 
reduce the number or clashes and conflicts that would have to be resolved later.  Using the federated 
modeling system made it essential to communicate with each other.  Simply synchronizing with an 
individual’s central model did not completely update other disciplines changes.  It was also important 
to reload the other linked in central models.  This would insure that any changes made by other 
disciplines would be shown in your central model.  When a team member made a significant change to 
the design they would then notify the other team member to reload in the other central file. Figure 39 
shows a graphical representation of this process.  
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Figure 39:  Graphical Representation of Synchronizing of Local Files 

Level of Development  

 While designing the mechanical and electrical systems for the event level HPR Integrated 
Design had the task of determining what needed to be modeled to prove this was indeed constructible 
and what would be a waste of valuable time to model.  HPR Integrated Design understood that it was 
important distinguish between both spaces and disciplines, meaning that in certain spaces the 
mechanical would be taken to a LOD of 2 where the electrical design would only need to go to LOD 1.   

 In order to verify the validity of the mechanical of the event level plenum it was necessary the 
HPR Integrated Design model the mechanical system in the rest of the building.  This was done to 
show where the main ducts run for all the spaces in the building.  This allowed HPR to determine 
exactly what ducts would be in the event level plenum space and what duct would not.  Since the goal 
of this modeling was strictly to show general location it was unnecessary to model in a high level of 
detail.  The majority of this modeling was done with a LOD of 1. 

 In contrast the mechanical systems on the event level required much more detailing.  This is 
directly related to the goal of the modeling procedure.  On the event level we wanted to prove the 
constructability of the system.  Knowing that HPR Integrated Design recognized that both location and 
space where critical.  Size of ducts and pipes needed to be accurate and although location was not final 
we need to be in very close proximity to the final location.  This was not just for main duct and pipe 
runs but also for VAV units, maintenance clearances and diffusers. 
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FILES
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Discipline	
  Modeling	
   Location	
  	
   Goal	
  of	
  modeling	
  	
   LOD	
  	
  

Mechanical	
  

Club	
  and	
  Main	
  
Concourse	
  

Show	
  general	
  location	
  of	
  ducts	
  to	
  determine	
  
which	
  duct	
  would	
  be	
  in	
  the	
  event	
  level	
  plenum	
  

100	
  

Mechanical	
  
Main	
  Arena	
  Bowl	
  

Coordinate	
  the	
  Main	
  Arena	
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Figure 40:  BIM Level of Development 

Mechanical Design  

 HPR Integrated Design used the same general systems as the original design showed in the 
design development drawings we received.  The loads were calculated using a Trane Trace model and 
compared with the airflows shown on the design drawings, and with rule of thumb design practices.  As 
HPR got deeper into the design we realized that the mechanical drawings were very incomplete at that 
the systems suggested where at times way oversized to provide and early conservative design.  This 
discovery led to a CFD study of the Men’s Locker room and AHU- 7.  HPR Intergraded Design was not 
concerned with Ice generation system from a mechanical point of view.  It was our understanding that 
these systems are generally designed by a special contractor.  For us to look in to the design of an Ice 
Generation System did not fix in to any of our design focuses nor did it facilitate much interdisciplinary 
collaboration.  HPR Integrated Design did however look into the factors that affect the load on the ice 
generation systems.  This research can be found in Appendix F. 

Calculating Loads 

 A trace model was created to calculate the loads on the arena.  We used 12 different templates 
for Internal Loads, Air flows, and Rooms. We created two separate templates for Thermostat, one for 
general spaces and a separate for ice spaces.  The conditions for these spaces can be seen in Figure 41.  
The twelve templates that were used for Internal Loads, Air flows, and Rooms were; concessions, 
concourse, corridors, equipment rooms, ice, media, office/suite, restroom/lockers, restaurants, stands, 
stands and work out areas. People where not entered in the internal load template, but rather 
individually entered in to the room data based on the DD drawings HPR received.   
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Figure 41:  Thermostat Templates for Different Spaces within the Arena 

This process was very straight forward except for modeling the sheet of ice.  Since HPR 
Integrated Design was not interested in designing the ice generation system we only needed to find 
how the sheet of ice would affect the building loads.  This was done by creating a partition in the space 
that had the ice sheet that was the same area as the floor and had an internal surface temperature of 
approximately 20oF 

Sizing Duct 

 Sizing duct in the event level had to be done very accurately, under sizing the duct could cause 
the duct not to fit if changes had to be made and oversizing could cause it not to fit in the plenum space 
in the first place or an added cost in material.  Low pressure duct was generally round and sized with a 
duct-ulator at 0.08 inch friction loss per 100’.  Medium pressure was generally rectangular and sized at 
2,000 fpm.  The ducts in the Event level plenum space included supply for AHU-5,6,7,8,9, return for 
AHU-5,6, exhausts for AHU-7,8,and 9.  The return for AHU-5 is mainly a plenum return with a few 
transfer grilles.  AHU-5 serves the office spaces.  There is also the return from the main arena bowl 
(AHU-10 and 11).  

IAQ and CFD study of Men’s Locker Room 

The men’s and women’s locker rooms are served by (2) 11,000 CFM 100% OA AHUs.  This 
comes out to roughly 1.75 CFM/SQFT.  This number takes the CFM supply of the AHU and divides it 
by the entire area served by the AHU.  That area includes the locker room, showers, restrooms, trains 
rooms, and corridors. Code requires 0.5 CFM/SQFT.  To meet the MAE requirements HPR Integrated 
Design will perform a CFD analysis on the locker room to see if the code number is satisfactory or if 
the ventilation rate calculated using equations from and indoor air quality course (AE 552).   
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Plans 

  

Figure 42:  Ceiling Plan for Men's Locker Room  

  

Figure 43:  Floor Plan for Men's Locker Room  
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Code Requirements 

   According to ASHRAE Standard 62.1 the Minimum Exhaust Rate for a locker Room is 0.5 
CFM/sq-ft.  Since this space is served by a 100% outdoor air unit the exhaust rate is also the supply rate.  

 

*See table 6-4 in its entirety in Appendix A 

Figure 44:  Code - Minimum Exhaust Rates 

Hand Calculating Exhaust Rate 
 Using knowledge gained in AE 552 on indoor air quality I calculated the amount of fresh air 
that must be supplied to a space to remove one olf from that space.  This calculation was done 
assuming only 20% of the occupants would be dissatisfied. 

𝑃𝐷 = 395×𝑒 !!.!"×!!.!"  

𝑃𝐷 = 20% 

20 = 395×𝑒 !!.!"×!!.!"  

ln . 051 = 𝑒 !!.!"×!!.!"  

𝑞 = 7.06 ≅ 7
𝐿
𝑠
𝑜𝑙𝑓

  ≅ 15  𝐶𝐹𝑀 

15 cfm must be supplied to remove a single olf to maintain a 20% dissatisfaction.  Next, I had to 
calculate the number of olfs in the space.  I assumed 22 people and a moderate activity level would be 
in the locker room at any time. Based on the numbers in Figure 45,the 22 people at moderate activity 
levels produce 10 olfs each. 
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Figure 45:  Table 3 Sensory Pollution Load from 2009 ASHRAE Handbook 

22  𝑝𝑒𝑜𝑝𝑙𝑒 ×
10𝑜𝑙𝑓
𝑒𝑠𝑝

= 440  𝑜𝑙𝑓 

15
𝑐𝑓𝑚
𝑜𝑙𝑓

×220  𝑜𝑙𝑓 = 3300  𝑐𝑓𝑚 

3300  𝑐𝑓𝑚   ÷ 1365  𝑠𝑓 = 2.4  𝑐𝑓𝑚/𝑠𝑓 

Though these calculations the design ventilation rate should be roughly 2.5 cfm/sf.  This does 
not account for the odor that could be added by the equipment each player would have in their locker 

Ventilation Rates 

Once completing the above calculations, 0.5 and 2.5 cfm/sf were chosen as the two cfm for the 
CFD model shown in Table 9.  Although the DD drawings called for 1.75 cfm/sf, HPR Integrated 
Design decided that this number was a conservative number for the DD submission.   After looking at 
detail at the area served by AHU-7 if was determined that the more realistic number for this space was 
1.1 cfm/sf.  Table 10 below show a summery that determined this 1.1 cfm/sf.  It is also important to note 
that these spaces where highly dominated by ventilation rates and that the reduction of supply air is 
still adequate to meet the loads.   

 

Table 9:  Ventilation Table 
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Neither 1.1, nor 1.75 cfm/sf were used in this analysis because they were not recommended flow 
rates for a locker room but rather for an entire AHU’s zone.  

 

Table 10:  Ventilation Table 

The locker room represents the worst case scenario as far as ventilation requirements are 
concerned.  The model was run at each different ventilation rate with the maximum design odor 
concentrations.  

Determining Concentration and Flux 

For this experiment HPR will be modeling odor as CO2.  It is difficult to model odor so instead 
we have calculated a CO2 concentration for a given activity level.  This concentration will relate to the 
odor level at that same activity level.  This experiment assumed that the occupants of the locker room 
would be at moderate activity level. 

Assumptions: 

• 30 breaths per minute (faster than resting) 
• 1.1 Liters per breath (deeper than resting) 
• Fraction of CO2 in an exhaled breath is .036 
• Moderate activity produces 10 olf 
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30  (
𝑏𝑟𝑒𝑎𝑡ℎ𝑠
𝑚𝑖𝑛

)×1.1  
𝑙𝑖𝑡𝑒𝑟
𝑏𝑟𝑒𝑎𝑡ℎ

= 33
𝐿
𝑚𝑖𝑛

    = .55𝐿/𝑠 

. 55
𝐿
𝑠
  ×  .036   = 0.0198

𝐿
𝑠
= 1.98  𝐸!!  𝑚!/𝑠 

1.98  𝐸!!  ×10!  ×1.2 = 23.76  𝑝𝑝𝑚  
𝑘𝑔
𝑠
𝑝𝑒𝑟  𝑝𝑒𝑟𝑠𝑜𝑛 

𝑚 = 1.2   !"
!!   ×

!!
!"""!

×  .55 !
!
= 6.6×10!!  𝑘𝑔/𝑠 

 

𝐶 =
23.76  𝑝𝑝𝑚 𝑘𝑔

𝑠
6.6  ×  10!!

= 36,000  𝑝𝑝𝑚 

 

Calculations for expected steady state temperatures 

𝑁   = 1.98  𝐸!! !
!

!
×60×60×20  𝑝𝑒𝑜𝑝𝑙𝑒 = 1.568  𝑚!/ℎ  

𝑉!"#$ = 289.85
𝑚!

ℎ
                                              𝑉!"#! = 1449.1  

𝑚!

ℎ
     

Code:    289.85  !
!

!
=    !.!"  !

!!

(!!!!!)
        𝐶! = 0       ∴       𝐶! = 5409.7  𝑝𝑝𝑚     

Calculation:   1449.1  !
!

!
=    !.!"  !

!!

(!!!!!)
        𝐶! = 0       ∴       𝐶! = 1082.05  𝑝𝑝𝑚 

These calculations provided us with a concentration to input into the Phoenics software for the 
concentration generated by each person.  In this case I entered a mass flow of 6.6 x 104 and a 
concentration of 3600 parts per million.  It is expected that my room steady state be 5410 ppm when my 
ventilation is set to code and 1082 ppm when it is set to the calculated value.  Also these calculations 
allow me to relate CO2 production to Olfs.  It can be assumed that 360 ppm of CO2 is equal to 1 Olf. 
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The Model 
The CFD model was created using Phoenic’s graphical user interface.  The model consisted of 

20 people which each model with four surface temperatures, one on each of the vertical sides.  There 
were four 15 watt lights, four supply grille diffusers, choose from a titus catalog based on CFM and 
noise criteria, and two exhaust that negatively pressurize the locker room.  There is also a transfer grille 
in the door to provide make up air. The diffuser selected for the code ventilation rate can be seen in 
Figure 46, while the diffuser selected for the calculated ventilation rate can be seen in Figure 47. 

 

 

Figure 46:  Diffuser Selection Table 

 

 

Figure 47:  Diffuser Selection Table 

I used a hybrid differencing scheme and a K-E turbulence model.  The final results where 
yielded from a calculation of 5,000 iterations.  Several calculations where done using 7,000 iterations 
but no added accuracy was noted. 
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Results 

 

Figure 48:  Contamination Distribution for Code Required Ventilation Rate 
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Figure 49:  Contamination Distribution for Calculated Ventilation Rate 

The rest of the results can be seen in Appendix F. 
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Conclusion  
 As previously stated, 360 ppm can be related to one olf of odor left in the room.  Using the code 
ventilation rate of 0.5 cfm/sf the space would maintain a level of approximately 4.7 olfs. With the 
calculated ventilation rate the space reaches a steady state of less than 1.5 olfs.  With the code 
ventilation the steady state of odor is roughly three times higher than that of the calculated value.  This 
is a significant difference so HPR Integrated Design will use the calculated ventilation rate in my design 
of the men’s locker room.  This shows that using the code is not always the best design practice and the 
many times future calculations are required.  

 Since human odor is difficult to quantify it is also difficult to use a CFD analysis to determine 
exactly what the level of dissatisfaction would be.  The CFD was useful in comparing, on an order of 
magnitude, how much more odor causing particles would be in the room.  Both of the CFD results 
yielded average room concentrations lower than the hand calculations predicted.  This was because the 
CFD turned out to be a relatively pour example of a well-mixed room. 

 It is important to note that using the calculated ventilation rate you can achieve odor levels that 
are similar to those of the outdoor air.  Since the outdoor air was model to have a concentration on 
350ppm and the steady state on the room was just above 500ppm.  When this is compared to the steady 
state of the code required ventilation rate the 350 and 500 are very close.   

Table 10 shows a general break down of the spaces by both their heating/cooling load and 
ventilation rates.  A more detailed break down can be found in Appendix F.  From this you can see the 
majority of the spaces are dominated by the cooling load.  To meet the ventilation load and cooling load 
the 100% outdoor air handler will supply the greater of the ventilation and cooling requirement with a 
supply temperature of 55oF.  In the few cases where the ventilation dominates the cooling load reheat 
will have to be used.  This was determined to use less energy and have a lower first cost than using fan 
powered terminal units in all the load dominated spaces to eliminate any reheat.  It is also mandatory to 
cool the air to 55OF to meet the dehumidification load on the space.   

This study allowed HPR Integrated Design to more accurately determine the amount of supply 
and exhaust that was needed for the men’s and women’s locker rooms.  With this new information we 
were able to reduce the size of AHU-7 and AHU-8 from 11,000 CFM to 7,000 CFM a piece.  With this 
come the reduction of fan energy and added cost saving in the initial cost of the two air handling units.  
This savings is not reflected in the total savings for the Savings Package mainly because the required 
data to perform such an analysis was not accessible to our construction manager.  
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Structural Design 

 Structural design for the savings package was limited in scope due to the architecturally driven 
nature of the design focus.  The structural designer’s role through the investigation into the savings 
package was to facilitate and check the structural system of the facility after major architectural design 
changes.  A small scale structural design and analysis would be completed to allow for architectural 
changes to be made within the lower arena seating bowl. 

In addition to this, HPR Integrated Design proposed changes to the gravity system from the 
existing steel to a reinforced concrete section only below grade at the main concourse and event levels.  
Investigation into alternative floor framing systems and gravity column design was completed by the 
structural designer for collaborative decisions to be made on the project.  The following section of this 
report will overview a view of these investigations and their determined feasibility or benefit to the 
overall project. 

Two-Way Flat Plate Investigation  

HPR Integrated Design proposed the redesign of the main concourse floor system from the 
existing composite slab and steel beam framing system to a two-way post tensioned flat plate system.  
This proposed change was a result of HPR Integrated Design believing that the controlling dimension 
in the raising of the Event level would be the effective depth of the above ceiling plenum coordinated 
with MEP systems.  This change was investigated because of the potential decrease in overall floor 
system thickness of the floor framing system to optimize the ceiling plenum space for MEP 
coordination.   

 The structural designer completed the two-way post-tensioned flat plate flooring system per 
ACI 318-08, Building Code Requirements for Structural Concrete and Commentary.  The system was 
designed to a substantial level of detail before HPR Integrated Design with advice from academic 
advisors deemed it necessary to abandon the alternative flooring system.  Investigating factors of design 
and construction of a two-way PT system revealed that the alternative floor framing solution would not 
be beneficial to the project for the following reasons: 

• Raising of the Event level was dictated by ADA sightlines and the effective depth of the plenum 
was more than sufficient using the existing composite framing floor system. 

• Two-way PT system was designed for a one bay span in the short direction, which is not an 
efficient design. 

• Post tensioning adds considerable cost to the proposed concrete structural system that would 
negate any anticipated savings in designing the alternative system. 

• Bay sizes exceeded typical design criteria for effective design of two-way, post-tensioned flat 
plate designs. 

• Constructability:  Post-tensioning requires expertise by a local contractor which State College, 
PA lacks and therefore would require a specialized contractor for installation. 

• Curved tendons in the two-way PT design could create issues with the concrete crushing from 
lateral forces during stressing.  Lateral arches are also a consideration that is dangerous in 
design that results from the curved tendons. 
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The structural designer and construction manager collaborated and made a final decision that the 
two-way post-tensioned system was not a beneficial solution for the Penn State Ice Arena project and 
therefore was not used in this project.  The structural designer completed the design for this two-way 
PT system using hand calculations.  Complete hand calculations and layouts for the two-way PT flat 
plate framing system can be found in Appendix F. 

 Although not utilized for the project, the two-way, post-tensioned flat plate flooring system 
would have reduced the overall thickness of the main concourse floor system from the existing 32” 
depth (7.5” NWC slab and W24 steel girder) to a reduced 10” thickness with the two way slab system.  

The two-way, post-tensioned flat plate system was design for bay sizes ranging from 32’-0” x 
28’-0” to larger bays of 37’-2” x 28’-0” along the outer concourses of the main concourse level.  The 
application of a two-way, post-tensioned flat plate system is most efficient at bay sizes of about 28’ x 28’ 
and up to 32’ x 32’ at the high extreme.  The system was designed to use (7) ½” diameter, 270 ksi high 
strength mastic-coated tendons.  The system was successful in balancing 100% of the target balanced 
dead loads using 26 tendons in a typical continuous span.  Additional design criteria can be seen in 
Table 11 below. 

 

Table 11:  Two-Way, Post-Tensioned Flat Plate Slab Design Criteria 

 For complete hand calculations completed by the structural designer see Appendix F. 

Reinforced Concrete Gravity System 

HPR Integrated Design proposed the change of all gravity columns below the main concourse 
level, or below grade, from the existing steel design to a reinforced concrete alternative.  The perceived 
benefits of this change were anticipated savings in cost from an expedited schedule and the ability to 
start construction earlier in the schedule directly after the concrete foundations were poured.  HPR 
Integrated Design decided that this change was not beneficial to the project and decided to abandon 
this design before it was started.  The feasibility of this system was rejected by HPR Integrated Design 
for the following reasons: 
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• The two-way, post-tensioned flat plate flooring system had been determined as not 
beneficial to the project resulting in constructability issues with reinforced concrete 
columns. 

• Concrete columns were not required for the post-tensioned system for sufficient 
confinement of proposed arched tendons. 

• Constructability concerns with having steel and concrete trades on site trying to 
complete work around each other. 

The design of concrete columns was deemed unnecessary shortly after the determination of the 
two-way, post-tensioned slab as not feasible for our project. 

ADA Alcove Structural Considerations 

 To meet ADA requirements for sightlines per the 2010 ADA Standard and team goals of the 
reallocation of seats to maintain the arena’s business model, HPR Integrated Design had to develop an 
alternative ADA seating arrangement.  As mentioned earlier, the inner ring of the arena that was design 
to allow for flexibility of ADA compliant seating anywhere around the interior of the lower bowl was 
replaced with ADA alcoves that met the 2010 ADA standard for both wheelchair accessible seating and 
distribution. 

 In this process, HPR Integrated Design decided to ramp up the 20’-0” long vomitories to enter 
the arena at a slope of 1:12 per the 2010 ADA standard, section 1010.2.  This allowed for the additional 
1’-8” dimension to allow for improved sightlines.  With this redesign, structural considerations were 
taken into consideration. 

 To replace seats lost in the raising of the event level, two additional rows of seating were added 
above the main concourse level.  In addition to the added load of the precast stadia, new steel members 
had to be design for the raised platforms of the new ADA alcoves.  The structural designer performed 
hand calculations to design the simply supported steel for the new ADA alcoves.  Figure 50 shows a 
section of the new raised ADA alcoves with support steel below the slab. 
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Figure 50:  Ramped-Up Vomitorities at ADA Alcoves 

 Supporting steel members for the ADA alcoves were set 1’ 1 ½” above the main concourse level 
and therefore could not frame into the structural framing below.  The structural designer decided to 
allow this support steel and the precast stadia above the main concourse level to bear  on a 8” thick 
masonry wall which runs around the interior wall of the main concourse’s lower bowl. 

 An 8 inch ungrouted masonry knee wall was designed per the 2008 Building Code 
Requirements for Masonry Structures (TMS 402-08/ACI 530-08/ ASCE5-08).  In this calculation, lateral 
loads were neglected and it was assumed that the stadia would concentrically load the wall.  The 8” 
CMU face shell embedded masonry wall was designed as ungrouted using Type S PCL mortar cement 
mortar.  The full calculation can be found in Appendix E. 

Foundation Capacity Checks 

 With the raising of the Event level and reallocation of seating above the main concourse level, 
the structural designer checked certain deep and shallow foundations for capacity.  Only spot checks 
were completed at this time at specific locations where load was added above the main concourse level.  
This additional load was transferred through the aforementioned masonry wall to the flooring system 
and finally to the foundations. 

 Micropiles were investigated primarily to determine if their boring depth would be sufficient to 
carry the loads from the large interior columns.  Typical micropiles on this project consisted of 10” ø 
A53 Grade B steel pipes that were drilled between 20’ and 30’ down into the bedrock layers of the site.  
The geotechnical report called for the casing of the micropiles to be filled with 5,000 psi concrete that 
was neglected in the calculations for capacity. 

 After hand calculations, results showed that the micropiles in all cases were sufficient for 
capacity with the additional loads from the new seating above the main concourse level.  An example of 
this typical calculation can be found in Appendix F.  Strength requirements per calculations showed 
that the micropiles had capacities of near 120 kips/pile, which is much lower than the 300 kips/pile that 
was specified in the geotechnical report.  This discrepancy is most likely due to the fact that the grouted 
condition of the piles was not taken into consideration and drastically affected the calculations. 

Lighting Design 

 The lighting design for the event level was narrowed down to a typical office on the southern 
façade and the men’s and women’s locker room on the northern side.  

 The lighting solution in the office area needs to have a high level of user controllability. This is 
particularly important for the offices adjacent to the exterior. These offices are exposed to an intense 
amount of morning sun creating glare sources and extremely high illumination levels in these spaces; 
also due to the direct sun that these spaces see a daylight control system will be designed to decrease 
the amount of direct sun. The IES 10th edition lighting handbook has illumination criteria outlined in 
the table below. This criteria is for handwritten office work. 
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Horizontal Illuminance 300 lx @ 3' AFF 
Vertical Illuminance 75 lx 

 The lighting solution in the office area needs to meet the IES recommendations outlined in the 
table below. 

Horizontal Illuminance 50 lx @ Floor 
Vertical Illuminance 50 lx @ locker face 

Along with the illumination criteria in the 10th edition lighting handbook this space needs to 
provide a captivating first impression for recruitment reasons. Providing a space that is impressive 
follows HPR main theme in giving Penn State more value for every dollar spent.  

AHSRAE Standard 90.1 section 9 dictates the allowable power density for these spaces. The 
office is allowed 1.11 watts per square foot, this gives 158.4 watts total for each office. The locker room 
is allowed to have a power density of 0.75 watts per square foot, giving a total connected allowable 
wattage of 1043.5 watts for each locker room. 

Typical office 

HPR has designed each office to have 2 dimmable LED zones, the first provides the required 
illumination on the desk/task plane and the second provides accent zone on the wall opposite of the 
desk.  

The task illuminance is achieved using four 25 watt LED downlights Appendix F. These 
luminaires provide more than the required 300 lx of illumination. This was done for two main reasons. 
First as the human eye ages the amount of light transmitted through the eye and reaching the retina is 
reduced substantially. The IES 10th edition handbook outlines that at the age of 65 the amount of light 
reaching the retina is half of what someone younger than 65 would receive. Therefore the amount of 
light needed is double. The second reason is due to the fact that one entire wall is composed entire of 
glass. Having such a large source of daylight may cause the task area to appear dim when and occupant 
is doing work. Therefore having the option of more light on the task plane would mitigate the contrast 
between the task surface and the bright exterior.  

The second zone of light on the wall is used to give the room balance. Having the first zone 
centered over the desk area of the room causes scallops on the wall. Therefore providing a wall grazing 
fixture Appendix F opposite of this wall will give the opportunity for highlighting artwork or other wall 
mounted objects.  
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Figure 51 below shows a pseudo colored AGI rendering of the typical office.  

 

Figure 51:  Typical Office AGI Pseudo Color Rendering 

The numbers below compares the design criteria to the actual design metrics. The connected 
total power is 137 watts giving a 21 watt savings over the code allowable. 

Horizontal	
  Illuminance	
   300	
  lx	
  @	
  3'	
  AFF	
   350	
  lx	
  

Vertical	
  Illuminance	
   75	
  lx	
  @3’	
  AFF	
   83	
  lx	
  

Locker Room 

The lighting solution for the locker room, as stated before, must create a great first impression 
on perspective recruits, having this criterion for the locker room as well as the fundamental design 
objective for light to enhance the architectural appeal of a space. The following lighting solution was 
designed by HPR.  
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To provide the required vertical illumination at the locker face a recessed LED wall washing 
fixtures were placed along the perimeter of the locker room. Using a wall washing fixture gave enough 
light on the locker face while providing the necessary illumination on the floor.  

To give an impressive appeal to the room the ceiling alcoves were illuminated with a linear 
fluorescent cove fixture. Using this fixture gave the ceiling another dimension, almost giving the feeling 
that it is not a ceiling at all. An AGI pseudo color rendering can be seen in Figure 52 showing this 
effect.  

 

Figure 52:  AGI Pseudo Color Rendering of Women's Locker Room 
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The results of the lighting solution are tabulated below. The total connected load in the locker 
room is 370 watts creating a savings of 673.25 watts over the allowable. 

Horizontal	
  Illuminance	
   50	
  lx	
  @	
  Floor	
   153	
  lx	
  

Vertical	
  Illuminance	
   50	
  lx	
  @	
  locker	
  face	
   128	
  lx	
  

Clash Detection  

Throughout the design of the project, it was important for the team to try and minimize as 
much rework and redesign as possible. Clash detection was performed in Navisworks bi-weekly to 
ensure there were no instances where the MEP systems were intersecting with each other or the 
structure. Each time Clash Detection was to be performed, the current architectural model, MEP 
models, and structural model, needed to be exported into Navisworks. Clash detections of each model 
were not only performed one-on-one against one another, but also a clash detection of a model was 
performed against itself to ensure the designer did not make mistake in their own model. Detections 
were only performed on the building level or plenum space that was being designed for at the given 
time.  

HPR was able to reduce the amount of rock and soil needing to be excavated, resulting in the 
reduction of the plenum space between the event level ceiling and the main concourse floor. Clash 
detections of the plenum space reported that the majority of the clashes were between the mechanical 
duct and structural beams. As tests were continued being performed, other minor clashes throughout 
the building included structural members intercepting places where there is concrete. These are minor 
due to the fact that some small sections of concrete needed to be deleted where a steel beam would be 
passing through such as a concrete floor. Figure 53 shows examples of detected clashes. 

 

Figure 53:  Clash Detections 
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Cost and Schedule Implications   

HPR Integrated Design designed efficient MEP systems passing through the plenum space 
between the event level ceiling and main concourse floor that allowed for the reduction of excavation 
needed by 3 feet 2 inches. By raising the event level, excavation of rock was reduced by 47.7%, while 
soil was reduced by 8.4%. The new proposed design breakdown is shown below. Note, that the 
numbers in parentheses reflect the increased savings. These reductions improved the schedule allowing 
for the start of foundations work to begin 7 workdays sooner.  

  

Total Cost: 

Total Excavation: 

Scheduled Work Days: 

Soil 

$533,589 (8.3%) 

67,061 CY (8.4%) 

12 (11.1%) 

Rock 

$268,300 (49.6%) 

13,275 CY (47.7%) 

6 (47.6%) 

 Raising the event level allowed the structural designer to reduce the size of the foundation 
walls, event level interior walls, and concrete columns. The construction manager exported the 
structural and architectural models into Quantity Takeoff, along with the costs and daily output per 
unit from Craftsman to determine these savings. Figure 54 shows an image of the main arena in 
Quantity Takeoff. 

 

Figure 54:  Quantity Take Image of Main Arena 
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The results from Quantity Takeoff determined that the schedule for the foundations work 
could be reduced by an additional 8 workdays, a total of 15 workdays, with a total savings of $627,314 
(19.9%). These materials are shown below reflect savings.  

Foundation Walls 

Event Level Interior Walls 

Concrete Columns 

$162,354 (14.7%) 

$122,689 (16.0%) 

$29,342 (18.5%) 

 It was important to maintain the architects original intent and for HPR to deliver a high quality 
product to the owner. For this proposed design to be efficient and for the team to achieve the goals set 
out, HPR used best design practices to modify or reinforce the current design for the main concourse, 
the main arena bowl, and the club level. HPR initially focused on the main arena bowl, but then found 
that the main arena ceiling needed to be raised while attempting to keep the club level ceiling locked in 
place. However, systems passing through the club level ceiling required that the ceiling be located at 
the original height. The following changes were made, with increased spending listed first, followed by 
additional savings.  

Increased Spending 

Main Arena Precast Stadia 

Main Arena Seats 

Main Concourse Interior Walls 

Club Level Interior Walls 

Glazing (not including East Façade) 

Exterior Walls (not including East Façade) 

Steel Columns 

Steel Beams & Concrete Footings 

 

Addition Savings 

Main Arena Bowl Steps 

Shaft & Column Walls 

Shaft Stairs 

Remainder Steel 

 

$25,317 (22.3%) 

$16,599 (71.2%) 

$79,777 (24.4%) 

$19,776 (14.8%) 

$22,813 (24.0%) 

$137,972 (11.0%) 

$28,189 (4.5%) 

$29,764 (3.0%) 

 

$5,493 (33.9%) 

$5,679 (6.4%) 

$6,240 (4.3%) 

$45,889 (1.6%) 

 The architect’s current design calls for two types of brick on the façade in various locations, 
using normal brick and Norman brick. To help save costs and create a uniform look to the building, 
HPR changed the Norman brick to normal brick. With these additional designs, HPR was able to 
maintain a total savings of $330,407 of the overall budget for this design package. These savings will be 
reallocated in the enhancement packages for this building. All costs incorporate 24.8% overhead and 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

65 

profit markup. See Appendix F for complete breakdown of differences in cost and the schedule impact 
for this design package. 

Package Summary   

  The main goal of the Savings Package was to save money in the excavation phase by raising the 
event level.  HPR Intergraded Design also strove to maintain code compliance.  The secondary goal was 
to maintain the business model that Penn State had created.  We wanted to remain within 5% of both 
total seats and on total profit from a sold out arena.    

 Through all the engineering shown throughout the previous sections HPR Integrated design 
was able to deliver on all of our goals.  The total savings were $330,407 caused by raising the event level 
up 3 feet 2 inches.  We also added 2.7% of the original seats and 2.37% of game day profit, both within 
our allotted goal.  We also reduced the construction time by 15 workdays. All of this was done while 
maintaining the costumer experience.   

 

  

 

SAVINGS PACKAGE 
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ENHANCEMENT PACKAGE:  Prominence 

 

 

 

ENCHANCEMENT 

PROMINENCE 
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Opportunity Statement 

 Through the investigation into the Penn State Ice Arena, HPR Integrated Design discovered 
that the reasoning for the utilitarian roof design was due to the expensive excavation of bedrock.   The 
Pennsylvania State University is proud of its rich sports tradition and that is reflected in the state-of-
the-art facilities located in the northeast corner of campus.  HPR Integrated Design also believed that 
the Penn State Ice Arena is located at a critical site on campus that acts as a transition from the 
academic core of campus to its athletic sector. 

 The opportunity to add prominence to the facility by creating a more recognizable roof profile 
was a blend of savings from raising the event level, the assumption that the roof had not been fully 
designed where design was a thesis objective and the fact that HPR Integrated Design feels that this 
facility should rival adjacent sporting facilities on campus.  Other prominent athletic facilities neighbor 
the Penn State Ice Arena with the Bryce Jordan Center, pictured in Figure 57, located directly across 
the street.  The Multi-Sport Complex also is located within view of the arena and all athletic facilities 
are overshadowed by Beaver Stadium, the 110,000 seat football stadium that is iconic for the University.  
These facilities are pictured below are shown in the Figures below.  

 

Figure 55:  Bryce Jordan Center, Penn State 

 

Figure 56:  Multi-Sport Complex, Penn State 

 

Figure 57:  Beaver Stadium, Penn State 

 HPR Integrated Design proposed using the cost savings from the Savings package and 
reallocating the money back into the facility through a re-design of the high roof framing system, 
specifically the long span trusses for a more prominent roof profile.  With cost savings from the savings 
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package totaling more than $330,000, HPR Integrated Design could upgrade the utilitarian roof profile 
to a more dominant look that rivals these adjacent structures. 

 After seizing the opportunity to enhance the roof profile, HPR Integrated Design began to 
develop a goal and strategy for measures of success in this design focus.  Through collaboration and in-
depth conversation about the direction of this effort, the team decided that the goal of this design focus 
should be to give the owner the building they first were presented in the feasibility studies, shown in 
Figure 58 below. 

  

Figure 58:  2005 Feasibility Study Drawings 

 The renderings convey an original design scheme that included an arched roof profile that 
revealed a large, open interior volume in the main competition arena.  From the exterior, the 
renderings show that the high roof systems are clear in expressing where the main function of the 
facility occurs, an architectural consideration that had to be relaxed due to the incurred cost of bedrock 
removal.  The design team understood that these feasibility studies were completed without a baseline 
budget and purely as an architectural exercise.  With that stated, the team decided that the new roof 
profile should return the high roof framing systems to the prominent design that was schematically 
designed. 

 With the main direction of the prominence package set, HPR Integrated Design turned towards 
secondary goals that were considered stepping stones to the ultimate design goal set forward.  These 
secondary goals included: 

• Creating a clean interior and exterior high roof framing system with seamless integration of 
mechanical systems, catwalks and high roof lighting systems 

• Provide optimum, uniform NCAA compliant lighting design that enhances the visitors 
experience whether they are watching the game live or via broadcast. 

• Track the high roof framing costs and schedule impacts in real-time along with keep 
constructability and sequencing at the forefront of the design process. 

Keeping these goals in mind HPR Integrated Design moved forward into design strategy.   
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Shape and Dimensions 

Selecting the roof profile was a continuously evolving process for HPR Integrated Design.  
Initial design concepts included mimicking the Bryce Jordan Center’s geometrically intricate saddle 
like shape.  The schematic shape of the roof, shown in Figure 59, quickly lost its momentum as 
constructability and cost analyses were performed on the design.   

To obtain this geometry, the structural designer would need to design extremely deep, heavy 
trusses that would be challenging during construction and not economic.  Another option was to vary 
the bottom of steel dimension and raise and lower the long span trusses to obtain the high and low 
points on the roof system.  HPR Integrated Design decided that this would not allow the team to match 
their team design goal of a clean roof design as MEP systems would need to raise and lower creating a 
cluttered ceiling aesthetic.  Ultimately, this design concept was determined not feasible for the type of 
structural system that was being designed for the project. 

 

Figure 59:  Schematic "Saddle" Roof Design Concept 

 HPR Integrated Design turned to a more conventional design, both consistent with the 
feasibility studies and without large constructability concerns.  The collaborative design decision, led by 
the structural designer, is to move forward with an arched roof profile design that will be raised in 
elevation to allow for the main competition arena to be prominent and easily distinguishable as the 
most important space in the arena.  This design strategy also helped pull the idea of functionality 
through the rest of the façade that was being designed concurrently. 

 Additional design decisions were made which included raising the overall elevation of the high 
roof framing, maintain the existing high roof dimensions, both the 196’-0” span of the trusses and the 
240’-4” width through the building while also keeping all trusses at the same dimensions/elevations for 
constructability and the opportunity for prefabrication savings during construction.  At this point, the 
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mechanical designer was able to perform analysis on the amount of volume that could be added 
without major resizing of the existing two 45,000 CFM air handlers that were supplying the space. 

Early Design Strategy 

 The integrated project delivery (IPD) method allowed HPR Integrated Design to get early input 
from the MEP designers and the construction manager which allowed the structural designer to 
complete a more efficient design not just for the trusses but for the high roof systems as a whole.  After 
the mechanical designer had performed a volumetric expansion study for the arena, the team began to 
collaboratively determine the new shape of the roof.  Analysis showed that the volume of the arena 
could be increased significantly without resizing the air handlers. 

 The lead/lag nature of this thesis was highlighted during the following weeks.  A workflow (or 
lead/lag) diagram for the early design process is shown in Figure 60.  

 

Figure 60:  Partial Workflow Diagram for the Prominence Package 

 The mechanical designer and lighting/electrical designers were given free reign to determine 
the optimum location for their systems to enhance the overall performance of the arena.  Preliminary 
duct sizing and catwalk locations were chosen at this time and the design criteria were given to the 
structural designer.  This information allowed the structural designer to have all systems information 
up front, which is not typical in the traditional design process.  The additional information did create a 
more difficult design process since the structural designer was not only thinking of his system but the 
project as a whole.  Benefits to this process allowed for minimal redesign later in the thesis as major 
considerations had already been observed. 

 The construction manager was brought into the design process shortly after the MEP designers 
had completed their schematic system designs.  As shown in Figure 60 above, the construction 
manager worked collaboratively with the structural designer throughout the remainder of the high 
framing systems design to ensure a constructible, cost effective design. 
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Case studies 

 Case studies were selected by HPR Integrated Design to investigate and learn more about high 
roof system designs based on similar arenas.  Two key variables were considered during the selection of 
case studies:  the span of the trusses and the seating capacity of the arena.  Although many case studies 
were studied for preliminary considerations, HPR Integrated Design ultimately selected two case 
studies that were also studied by the actual design team during preliminary design of the arena. 

 The Compton Family Ice Arena at the University of Notre Dame and the Agganis Arena from 
Boston University were selected by the structural designer for heavy consideration into the design of 
the new Penn State Ice Arena long span trusses.  HPR Integrated Design also chose to recognize the 
preliminary design for the actual Penn State Ice Arena project as a third case study.   Below is a quick 
summary of each case study with key information that was beneficial to the HPR design team during 
the research phase of this focus. 

 

The Compton Family Ice Arena 
University of Notre Dame 
Notre Dame, Indiana 

  

Figure 61:  Compton Family Ice Arena 

University of Notre Dame 

 The Compton Family Ice Arena is a state of the art, two rink facility located in the heart of 
campus for the University of Notre Dame.  The 5,022 seat arena was opened in October of 2011 and was 
closely studied for the business model and design of the Penn State Ice Arena.  The high roof system is 
designed consistently with the Penn State Ice Arena with simply supported long span trusses which 
span 156’-0”.  The barrel truss shape of the long span truss, shown in Figure 63, is 14’-9 ¼” tall at its 
mid-span and consists of primarily W14 chords and W8 web members. 
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Figure 62:  Long Span Truss Profile - Compton Family Ice Arena 

 The Compton Family Ice Arena was opened for its inaugural season in the fall of 2011 and the 
construction cost of the facility was roughly $50,000,000.  The arena also served as a case study for the 
business model of a similar arena.  The arena is laid out very similarly to the Penn State Ice Arena with 
a large lower bowl for general admission seating with a mezzanine level with additional seating and 
suites.  The Compton Family Ice Arena served as a case study for a slightly smaller arena in both 
seating capacity and long span truss. 

Agganis Arena 
Boston University 
Boston, Massachusetts 

  

Figure 63:  Agganis Arena 

Boston University 

 The Agganis Arenas a slightly older, yet still state-of-the-art , multi-purpose arena located on 
the campus of Boston University in Boston, Massachusetts.  The 7,200 seat arena was opened in 2005 
and boasts not only a large multi-purpose arena but also is part of the John Hancock Student Village 
Complex that has an Olympic size natatorium and multiple basketball courts.  The arena is not 
exclusively used for ice hockey like the Compton Family Ice Arena and has been the host of many large 
concerts and events for the University.  The entire complex, including the arena, culminated in a 
construction cost of $225,000,000. 

 The high roof framing system consists of 13 different trusses that hold up the domed roof 
profile with a diaphragm ring around the base of the high roof system.  Long span trusses run both 
directions with the larger trusses spanning 204’-0”, slightly larger than the 196’-0” span that the Penn 
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State Ice Arena boasts. Member sizes for the long span trusses include W14 wide flanges for the chords 
and W12’s for the web members. The truss is 24’-0” deep. These large long span trusses can be seen in 
Figure 64 below. 

 

Figure 64:  Long Span Truss Profile - Agganis Arena 

The high roof framing system is much more complex and is designed with a rigging grid much 
more extensive than both the existing design for the Penn State Ice Arena and the Compton Family Ice 
Arena.  This arena was also studied by Penn State University in its programming portion of the design 
process and was visited by the University’s high level officials before design started.  The Agganis 
Arena was utilized as a larger case study both in terms of seating capacity and overall truss span length. 

Penn State Ice Arena – Existing Design 
The Pennsylvania State University 
State College, Pennsylvania 

  

Figure 65:  Penn State Ice Arena – Existing Design 

 HPR Integrated Design made a collaborative decision to recognize the high roof framing system 
for the existing Penn State Ice Arena.   This decision was made for two reasons:  to obtain a baseline 
value for the high roof framing system for cost control and to prove the utilitarian design and cost of 
the roof due to the excessive rock excavation. 

 The existing high roof framing system consisted of eight (8 simply supported long span trusses 
spanning 196’-0” with bridging trusses running perpendicular for stability in the opposite direction.  
The existing trusses are 10’-0” deep at their supports and gently slope to 12’-6” at midspan.  Top and 
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bottom chords consist of W14 wide flange members with double angles acting as the web members.  
Figure 66 below shows the existing truss design for the Penn State Ice Arena.   

 

Figure 66:  Long Span Truss - Penn State Ice Arena 

HPR Integrated Design felt that although the assignment brief for this thesis project was to 
design the facility without a roof, it was important, for cost comparison and schedule, to observe the 
existing truss design and erection sequence.  HPR felt that the structural drawings level of detail was 
past the design document stage when the project contract documents were obtained. 

Regulations 

HPR Integrated Design investigated NCAA regulations for minimum clear dimensions for ice 
hockey regulations and found that the American Collegiate Hockey Association (ACHA) did not have 
any minimum set as official requirements.  The team turned to best design practices of architectural 
design of typical arenas and information gained from research into case studies listed above.  Research 
revealed that a minimum clear dimension of 50’ to 60’ was ideal for NCAA hockey regulations. 

 The existing Penn State Ice Arena had a 50’-0” clear dimension between the ice and bottom of 
steel and the Agganis Arena designed for a 54’-6” bottom of steel dimension.  HPR Integrated Design 
decided that part of the design criteria to maintain excellence in design would be to observe this design 
consideration and utilize this knowledge in the design of the new high roof framing system. 

Integration of Mechanical Electrical and Structural Systems  

Structural System  

Design Decisions & Key Assumptions:  
 The structural designer’s most critical challenge throughout this thesis was to design long span 
trusses that created a clean high roof design and gave the new arena a more prominent look from both 
the interior and exterior of the facility.  Key decisions were made as a design team before the design of 
these trusses could begin.  These decisions included locking the architectural layout of the building 
and also deciding to not change the spacing of the long span trusses which ranged from 32’-0” to nearly 
40’ apart.   

HPR Integrated Design also decided that the span of the arena would not be changed as the 
current architectural layout seemed to be efficient for the function of the spaces within the building.  A 
major part of the team concept was to maintain the architect’s intent throughout the design/redesign 
process. 
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Investigation into the preliminary design of the Penn State Ice Arena’s roof led to more design 
considerations that were kept in mind throughout the design process.   The existing section of the 
building, as seen in Figure 67, shows two key dimensions that were continuously checked and 
considered in the redesign of these trusses:  the bottom of steel dimension and overall building height. 

 

Figure 67:  Existing Transverse Section 

 Through research and professional practioner’s input, it was determined that a 50’ to 55’ clear 
dimension was ideal for NCAA hockey gameplay regulations and was determined by HPR as a best 
design practice which must be maintained.  Additionally, the existing building was 64’ tall which was 
mostly because of the relatively flat 12’-6” deep existing long span steel joists.  To add prominence to 
this facility, HPR Integrated Design decided that this dimension must be increased to add volume to 
the arena and give the space a larger, more impressive feeling like that depicted in the feasibility studies 
conducted in 2005. 

The process of design for the long span trusses was a collaborative, thesis long effort that 
resulted in multiple design iterations to optimize both the dimensions and efficiency of the system with 
the high framing MEP systems.  All disciplines had critical input into engineering decisions throughout 
the process in terms of MEP system coordination and constructability considerations. 

The mechanical and lighting/electrical designer had early input into their ideal system layout 
locations and gave the structural designer preliminary sizes for consideration.  The mechanical designer 
provided information for schematic supply duct sizes and the lighting/electrical designer provided ideal 
locations for catwalks that would also be utilized to house the arena’s main competition and 
broadcasting lighting system. 

Tied Arch Truss Geometry  
The trusses were schematically sized for overall depth using two different design 

considerations: the typical length to depth ratio equal to 12 for most long span trusses and a limitation 
of 14’-8” deep pieces which is driven by the width of a flat bed, which is standard for normal 
transportation.   
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Research into tied arch truss design quickly revealed that this type of system was considered to 
be a highly efficient system.   It was also determined that the deeper the geometry of the truss, the more 
cost effective.  Therefore, the structural designer decided to create a 14’-0” deep geometry that would 
maximize the efficiency of the truss members and also allow for a larger volume in the arena, consistent 
with the team approach for a new prominent system design. 

Panel spacing for the upper chord of the truss was chosen based on the design of the acoustical 
steel decking for the arena roof system.  Spacing for the verticals in the top chord were chosen to be 
12’-0” apart as this spacing allowed for the roof system to be design with 3N18 acoustical roof deck. 

Figure 68 below shows the typical architectural detail for the roof assembly.  The acoustical 
decking was designed based on loads in Table xx.  The flat roof snow load was included in the live load 
calculation to be conservative and also the minimum code required roof live load per ASCE 7-10 4.8.2.  
The 3N acoustical decking from the Vulcraft steel deck catalog is commonly used in structures like 
auditoriums, theatres and arenas were sound control is desirable.  The deck is filled with batt insulation 
and can absorb up to 70% of sound that hits the deck.  The architectural intent and Owner’s desire is 
for the sound to be trapped in the arena creating a boisterous atmosphere for gameplay consistent with 
a “home ice advantage.”   The selection of the roof deck can be found in Appendix G. 

 

Figure 68:  Partial Detail H1/A4-14 
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Element Type Load (PSF)   

TPO Roof Membrane Dead 1  

3/4" Plywood 
Sheathing 

Dead 3  

6" Rigid Insulation Dead 9  

Vapor & Air Barrier Dead 0  

3/4" Plywood 
Sheathing 

Dead 3  

3N18 Roof Deck Dead 4  

Superimposed DL Dead 15  

TOTAL DEAD  35 PSF 

Snow Live 36  

Roof Live Live 12*  

*Minimum Roof Live Load per ASCE7-10 4.8.2  

TOTAL LIVE  48 PSF 

TOTAL LOAD  83 PSF 

Table 12:  Roof Loads for Acoustical Deck Design 

The 3N18 acoustical roof deck was assumed to be a three plus span condition and at 12’-0” 
spacing the deck can carry total load (85 psf > 83 psf) and live load (96 psf>48 psf) which is designed for 
deflection criterion of span/240 which was conservative. 

 Diagonals web member geometry was chosen so that all web members would be in tension to 
allow for more efficient use of the material and eliminate buckling considerations.  Wide flanges were 
selected instead of double angles due to cost considerations. 

 HPR Integrated Design decided on a curved roof profile to create a stronger, more prominent 
look along with the recognition of this space as the main functional space within the facility.  The 
arched profile of the top chord would create induced lateral thrust forces that would be handled by 
diagonal ties.  The top chord with diagonal web members would act as a large, deep member in 
compression and the diagonal and horizontal ties would need to carry the majority of the tension forces 
in the geometry. Figure 69 shows the final geometry of the tied arch long span truss.   
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Figure 69:  Long Span Truss Geometry 

Long Span Truss Analysis  & Design  
 After the geometry of the truss had been refined to a point where design could commence, the 
truss was placed into the structural design program SAP 2000 for frame analysis.  The frame analysis 
shown in figure xx below was done for the worst case truss scenario, at the ends of the high roof 
systems and locations where the scoreboard would be hung from the trusses along column lines X8 and 
X9. 

 

Figure 70:  SAP 2000 Frame Analysis 

 Table 13 shows the gravity loads used in this frame analysis followed by the wind loads derived 
from ASCE 7-10 Chapter 26 – Method 2 Wind Analysis for High-Rise Buildings in Table 14.  
Additional wind load analysis can be found in Appendix G. 
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Dead & Live Loads – Frame Analysis 

Load Level Space Load (psf) 

Dead Main Concourse Corridor/Rackers 90 

Live Main Concourse Corridor/Rackers 100 

Dead Club Corridor 90 

Live Club Corridor 100 

Dead Low Roof Roof 40 

Live Low Roof Roof 12 

Dead High Roof Roof 40 

Live Low Roof Roof 12 

Dead All Façade – Brick 58 

Table 13:  Dead & Live Loads - Frame Analysis 

Windward Wall Pressures 

Surface z (ft) 

P (psf) with 

GCpi -GCpi 

W
in

dw
ar

d 
W

al
l 

0-15 12.82 26.50 

20 13.98 27.65 

25 14.90 28.58 

30 15.83 29.50 

40 17.22 30.89 

50 18.37 32.05 

60 19.30 32.97 

70 20.32 33.99 

80 21.09 34.77 

81.52 21.20 34.88 

Table 14:  Windward Wall Wind Pressures 
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Wind Pressures - Remaining Walls & Roof 

Surface z(ft) 
P (psf) with 

Gcpi -GCpi 

Side Wall All -31.37 -17.7 

Leeward - Normal to L Face All -24.36 -10.69 

Leeward - Normal to B Face All -21.36 -7.68 

        

Roof - Normal to L Face 0-40.76 -38.38 -24.71 
  81.52 -38.38 -24.71 
  163.04 -24.36 -10.69 
  252 -17.35 -3.68 

Roof Normal to B Face 0-40.76 -38.38 -24.71 

  81.52 -38.38 -24.71 
  163.04 -24.36 -10.69 

  252 -17.35 -3.68 

Table 15:  Side Wall, Leeward Wall, & Roof Wind Pressures 

Snow loads were derived following the procedure outlined in Chapter 7 of ASCE 7-10 and 
using information from S0-1 of the contract drawings for exceptions for ground snow load values in 
State College.  Based on factors from the tables in Chapter 7, the flat roof snow load was taken as 36 
psf.  Due to the high roof and low roof being at different elevations, drift was considered at locations 
where the high roof and low roof met.  A summary of the snow and wind drift calculations can be 
found in Appendix G. 

Additionally, rigging loads were considered in the loading of this typical frame.  From research 
on case studies that were similar in size and arena function, the trusses were determined to be able to 
handle 30,000 lbs per truss with three rigging points at each panel point on the lower horizontal tie.  
Trusses along column lines X8 and X9 were designed to be able to hold the 30,000 lb. central hanging 
scoreboard using a four point rigging layout with 15,000 lbs capacity for each truss.   

Some special rigging considerations were also considered based on research on the Agganis 
Arena in Boston.  The horizontal tie member was designed to hold a typical end stage curtain rigging 
system which consists of a single, electrically operated 80’ end stage rear curtain masking batten with 
the capacity to lift and sustain 2,000 lbs.  Additionally, for events that want to cover the mezzanine level 
during smaller performances, the trusses were designed to hold a flexible/portable truss and motor 
system that consist of a box truss with 11 rigstar, 2,000 lb motors with a control system for velour 
curtains. 

The frame analysis included the moment frames that run east-west on the building at all three 
levels.  Worst case wind loads were considered in the east-west direction where the building slopes 
down and is exposed down to the event level.  The frame analysis was run and the output from the 
program revealed that load combination 1.2D + 1.6S + 0.5W was the controlling load combination from 
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Chapter 2 of ASCE 7-10.  The structural designer used the axial loads, major axis (bending 3-3) 
moments and maximum deflection values from the respective load case to design the members 
individually by hand.  Figure 71 shows a screenshot of the long span truss in the frame analysis within 
the SAP2000 analytical program with axial loads displayed. 

 

 

Figure 71:  Axial Load Output - SAP2000 Frame Analysis 

 From the data output from the analytical software, the structural designer performed hand 
calculations to design the individual members within the truss.  All members were designed per the 
AISC Steel Manual – 13th edition as either pure compression members (per Table 4-1), pure tension 
members (per Table 5-1) or as combined loading members per Table 6-1.  All values extracted from 
SAP2000 output were accumulated into a spreadsheet as partially shown due to size in Table 16.  
Complete hand calculation spreadsheets for the member sizing of the long truss steel members can be 
found in Appendix G. 

 

Table 16:  Partial Hand Calculations for Member Sizing 

 Per the definition of a combined loading member, every truss member has some axial force & 
moment that classifies them as combined loading members.  For simplicity, the structural designer 
neglected the bending moments that were calculated to be less than 10% of the axial force as it would 
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not affect the design of the member.  These members were considered to only carry pure axial tension 
or compression. 

 The structural designer did check the diagonal and horizontal ties as combined loading 
members since their moments exceeded their axial forces.  Table 17 below shows a sample hand 
calculation to check the capacity of the horizontal tie. 

 

Table 17:  Sample Hand Calculations - Combined Loading Members 

 Deflections criterion was also checked for every member in the truss.  Deflections did not 
control the design of any of the members.  The structural designer deflection criterion of span/180 for 
both live load and total load deflections per the IBC 2009 Table 1604.3.  The deflection criterion 
exceeds code for total load and was used to prevent ponding issues on the roof. 

 After the truss members were designed by hand, member sizes were entered back into the 
SAP2000 structural program and check using the programs “Steel Design/Check of the Structure” 
application. Figure 72 shows a screenshot of a SAP2000 member check along with a legend. 
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Figure 72:  SAP2000 Member Check & Legend 

 

Figure 73:  SAP2000 Steel Check per AISC360-05/IBC2006 

 In this check, combined loading is taken into account, which allowed the structural designer to 
confirm that all members worked per hand calculations.  Upon completion of the SAP2000 checks, the 
structural designer modeled the long span trusses and the rest of the structural system in SAP2000 for 
seismic analysis.  Seismic lateral forces did not control the design of the lateral system, which is a 
seismic category A building. 
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Seismic Considerations & Analysis  
Seismic design considerations were considered but no focused on during the duration of this 

thesis.  The derivation of seismic design loads and analysis for code compliance was completed for code 
compliance using ASCE 7-10, Chapters 11 & 12 using the Equivalent Lateral Force method. 

 The structural designer obtained information from the USGS “Seismic Design Maps” 
information for site specific calculated spectral response accelerations for short and one second 
responses.  These reports derive values and other seismic design criteria per the 2010 Minimum Design 
Loads for Buildings and Other Structures, ASCE 7-10 and the 2012 IBC.  A detailed report of the 
USGS seismic design values can be found in Appendix G.   

 Following the Equivalent Lateral Force procedure in Chapter 11 of ASCE 7-10, the seismic 
loads were calculated.  The approximate fundamental period for the structure was estimated using 
section 12.8.2.1 and the “All other Structural Systems” category.  Additionally, the structural designer 
calculated the weight of the building at each level to obtain a base shear of 250.30 kips.  The base shear 
for the building had not been included in the structural drawings so it was assumed to be within reason 
for this project. A summary of the seismic design criteria for the Penn State Ice Arena can be found in 
Table 18 on the following page. 
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Seismic Design Criteria per ASCE 7-10 
Seismic Design Criteria     ASCE 7-10 Provision 
Soil Classification   C Table 20.3-1 
Occupancy   III Table 1-1 
Importance Factor Ie 1.25 Table 1.5-2 

Structural System   

Ordinary Steel 
Moments 
Frames 

Table 12.2-1 

        
Spectral Response Acceleration, Short Ss 0.116 USGS 
Spectral Response Accelerations, 1 s S1 0.05 USGS 
Site Coefficient Fa 1.2 Table 11.4-1 
Site Coefficient Fv 1.7 Table 11.4-2 
MCE Spectral Response Acceleration, Short SMS 0.1392 Eq. 11.4-1 
MCE Spectral Response Acceleration, 1 S SM1 0.085 Eq. 11.4-2 
Design Spectral Acceleration, Short SDS 0.093 Eq. 11.4-3 
Design Spectral Acceleration, 1 s SD1 0.057 Eq. 11.4-4 
Seismic Design Category SDC A Table 11.6-1 
Response Modification Coefficient R 8 Table 12.2-1 
Deflection Amplification Factor Cd 3 Table 12.2-1 
Approximate Period Parameter Ct 0.028 Table 12.8-2 
Building Height hn 49.87 Above Grade 
 Approximate Period Parameter x 0.8 Table 12.8-2 
Calculated Period Upper Limit Coefficient Cu 1.7 Table 12.8-1 
Approximate Fundamental Period Ta 0.64 Eq. 12.8-7 
Fundamental Period T 1.09 Sec 12.8.2 
Long Period Transition Period TL 6 Fig. 22-15 
Seismic Response Coefficient Cs 0.0217 Eq. 12.8-2 
Structural Period Exponent k 1.29 Sec. 12.8.3 
Redundancy Factor p 1 Sec. 12.3.4.1 
Building Weight W 11539   
Base Shear V 250.30   

Table 18:  Seismic Design Criterion per ASCE 7-10 
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The structural designer derived story equivalent lateral loads as shown in Table 19 using the 
Equivalent Lateral Force procedure.  At this point, computer modeling of the entire structure was 
completed using SAP 2000. 

 

Table 19:  X-Direction Seismic Loading - Equivalent Lateral Force Method 

 For simplicity, since the Penn State Ice Arena falls into Seismic Design Category A and a 
detailed lateral analysis was not included in the accepted proposal for this thesis, several key 
assumptions were made.  The computer model did include both gravity and lateral members, which 
was done primarily to complete the modeling process for additional uses.  This modeling assumption 
should have make no significant changes to the outcome of the lateral load analysis.  The model did not 
include floor diaphragms or a sloped diaphragm for the club and main concourse level sloped stadia 
seating. 

 The modeling process allowed the structural engineer to use knowledge gained in AE 597A, a 
MAE required course, to allow for more accurate results.  Moments were released in all members where 
moment connections were not called for in design.  It is important to note, for a quick check of the 
lateral system, center of mass and center of rigidity were quickly calculated by hand since the SAP2000 
analytical program does not calculate these values automatically.  The simplified computer model of the 
Penn State Ice Arena can be found below in Figure 74. 

 

Figure 74:  SAP2000 Simplified Lateral Analytical Model 
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 Since the Penn State Ice Arena falls under Seismic Design Category A, torsional irregularities 
are not investigated as a part of this report.  Using the simplified model, interstory drift was check 
against code compliance per ASCE 7-10 Table 12.12-1:  Allowable Story Drift.  Under section 12.12.1 
the arena falls under “All Other Structures” category, which allows for a 1.5% interstory drift limit for 
risk category III facilities.  With the assumption that the main concourse was on grade, the computer 
model was analyzed for seismic drift and loading.  Table 20 below shows that interstory drifts for the 
arena all are acceptable per ASCE 7-10 12.12.1.  This completed the simplified seismic analysis of the 
facility. 

 

Table 20:  Interstory Drift Calculations per ASCE 7-10 

Long Span Truss Final Design Overview 
 Upon confirmation that the long span truss design was acceptable per seismic code provisions, 
the structural designer finalized design of all members and geometries.  At this time, HPR Integrated 
Design finalized all high roof system MEP system locations and ran clash detection with the long span 
trusses to confirm a full coordinated, clean roof design.  Once the high roof systems were coordinated 
the structural designer considered the design of the long span trusses completed.  Figure 75 shows the 
final design of the long span trusses with member’s sizes. 

 

Figure 75:  Long Span Truss Member Sizes 

 The structural designer used a combination of W14x43 and W14x53 wide flange shapes in the 
top and bottom chords of the top portion of the truss. Web members were W8x18 wide flange shapes 
that were picked over double angles due to economy. A tied arch framing system relies on the diagonal 
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ties to carry the induced thrust forces of the arch geometry and therefore resulted in large diagonal ties 
and a large horizontal tie which are W27x146 and W24x117 respectively. 

 The W24x117 horizontal tie member is designed to keep the truss tied together and also carry 
rigging loads that are designed for loading at panel points where vertical W14x68 members connect the 
top portion of the truss, which is in compression to the bottom ties.  Connection design of the 
members within the long span truss was not conducted as a part of this thesis. 

 Geometry of the truss remained 28’-0” in overall depth and the 196’ span was not changed from 
the original design.  As stated earlier, the bottom portion of the truss is deep to allow for catwalks and 
large mechanical supply ducts to penetrate through the trusses and allowed for adequate headroom for 
maintenance of these systems. 

Additional Structural Considerations 
 To complete the high roof framing design, the structural designer completed the design of the 
supplementary framing system and also performed interior column checks for capacity in combined 
loading conditions per the new long span trusses.  The supplementary framing included bridging 
trusses that run perpendicular to the long span trusses.  These trusses were also 14’-0” deep and frame 
into the W14 wide flange top and bottom chords of the top portion of the long span truss.  Interior web 
members of these bridging trusses were 2L5x3 1/2x3/8x3/8 LLB double angles welded together. Figure 
76 shows these bridging trusses running perpendicular to the long span trusses in a section of the high 
roof framing system. 

 

Figure 76:  Bridging Trusses in High Roof Framing Section 

Purlins in the high roof framing system were designed by hand assuming a simply supported 
beam configuration and limiting deflection criterion per IBC 2009 Table 1604.3.  The supplementary 
framing members were then modeled in SAP2000 and check against critical gravity load combinations 
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for capacity and serviceability criterion.  The structural designer changed the spacing of these purlins 
from 13’-0” in the existing design to 12’-0” in the new high roof framing system which was reflected in 
downsized members and cost savings in detailed estimates. 

 Much like the long span trusses, SAP2000 was used to confirm that hand calculations were 
correct in sizing the high framing members.  Figure 77 shows the high roof framing model check that 
was completed by the structural designer. 

 

Figure 77:  SAP2000 Supplementary Framing Checks 

Additionally, the structural designer performed column capacity check using loads from 
SAP2000 frame analysis.  Interior columns were checked as combined loading members for capacity 
due to the new long span trusses being approximately 3.5% heavier than the existing trusses.  A sample 
calculation of these column checks can be seen in Table 21. 

 

Table 21:  Sample Calculation - Column Capacity Checks 
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Detailed Cost Estimates 
 Case studies mentioned earlier in the report were utilized for cost analysis throughout the 
design of the new high framing system for the Penn State Ice Arena.  Prior to design the structural 
designer obtained drawings from these selected case studies with the help of industry practitioners.  
Takeoffs and detailed cost estimates were performed on these facilities using cost data from the RMS 
Cost Works estimating platform.  The detailed estimates, shown partially in Table 22, were done on the 
steel members only.  Roof deck and roofing assemblies were not considered in this cost estimate.  Cost 
data reflects the cost of steel per linear foot with overhead and profit figured into the estimates. 

 

Table 22:  High Roof Framing Cost Estimated - Existing Design 

 Cost estimates were completed and then divided by the total square footage that the high roof 
framing systems covered to allow for a cost per square foot analysis to be conducted on all three of the 
case studies.  The structural designer recognized the existing design for the Penn State Ice Arena for 
comparison on addition cost and to prove the low cost of the existing design due to resources being tied 
up in rock excavation. 

 The cost estimates also allowed for the structural designer to compare the overall weight of the 
different trusses. This valuable information was relayed to the construction manager on the BIM team 
to allow for constructability and crane analysis procedures to commence.  These cost estimates allowed 
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the structural designer to make educated decisions on the economics of the long span trusses and 
allowed the construction manager to check his detailed estimates against the structural designer’s.   

As stated earlier in the report, the goal of the larger long span trusses was to create a prominent 
roof profile.  HPR Integrated Design wanted to use the money saved in the savings package to be 
reallocated into the new roof profile and high framing system.  Real time tracking of the economics 
using detailed cost estimations was extremely helpful in the design of these trusses.   

After completion of HPR Integrated Design’s new long span truss design, a detailed cost 
estimate was completed by both the structural designer and construction manager.  Figure 78 below 
shows the results of the detailed cost estimates of both the case studies and the new HPR Integrated 
Design alternative truss design economics. 

 

 

Figure 78:  Detailed Cost Estimate Summary 

 Figure 78 shows the utilitarian design of the existing Penn State Ice Arena roof system, which 
costs nearly 11% than the much smaller Compton Family Ice Arena at the University of Notre Dame.  
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As seen above, HPR Integrated Design’s new high roof framing design costs roughly $5 more per 
square foot costing approximately $26.50/SF.  HPR Integrated Design believes this new roof profile 
adds a more prominent roof profile to the facility, consistent with team goals.   

The cost estimates also confirmed that the economics for the new high roof framing design of 
the Penn State Ice Arena is within similar cases studies.  The economics of the arena fit perfectly 
between the larger Agganis Arena (Boston University) which is at $27.85/SF but more expensive than 
the smaller Compton Family Arena at $24.57/SF. 

Mechanical System  

The main arena will continue to be served by the current designs two 45,000 cfm AHU’s.  These 
AHU’s have both an enthalpy wheels as well as a desiccant wheel.  This means the unit is providing 
both the conditioning for the space as well as the dehumidification.  When HPR Integrated design 
originally ran the load calculations of the main arena the total load was 80,723 cfm (50oF supply air).  
After the new roof profile had been decided on it was necessary for us to recalculate the load to make 
sure the new loads could be meet by the current system.   

A Trane Trace model was created for the entire design as it was when we received the 
drawings.  This was done entirely in Trace.  In hind sight it could have been easier and a more efficient 
use of time to create a simplified Revit model that had the key areas of interest.  I could have then 
applied both space and zone tags to the model and then exported the model via the gbxml format into a 
energy or load calculating software such as Trace, eQuest or Energy Plus.  Although this was not done 
it could have been a good opportunity to test and see what type of progress BIM and especially Revit is 
making in the areas of MEP design and energy modeling.  

The Trace Model that was created was very detailed had had to account for the Ice sheets in 
both the main arena and the auxiliary rink.  This was modeled by setting the floor temperature to 20OF 
as previously stated.  It turned out that the ice sheets provided roughly 40 tons of cooling to the space.  
This is cooling that the HVAC system does not have to meet because of the presents of the Ice sheet.  
The 40 tons of cooling is then picked up by the ice generation equipment.  This was not looked into in 
much detail for this thesis.  

Design criteria  
 The main arena is to be maintained at 60OF and 40% relative humidity.  The colder temperature 
is to reduced the load in the ice generation equipment.  It is also essential to have a low relative 
humidity to prevent fogging in the arena.  Having a large sheet of ice in an indoor space creates many 
difficulties when designing the HVAC system.   

Final Design  
 The final design requires a total of 88,188 CFM of 50OF to be supplied to the main arena.  This 
increased air volume in cause by the added volume the new roof profile created.  The current designs 
two 45,000 CFM AHU’s are more than enough to meet this load.  The space has to main duct runs that 
are each 64” round ducts.  The duct has diffusers on three of its sides.  One directs air up towards the 
club level seats, the largest diffuser serves the seats in the lower bowl, while a third smaller diffuser 
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provides the required ventilation are above the ice.  As mentioned in the Savings package, the return 
for the main arena system is located in the event level plenum space.  The supply air is supplied high in 
this system and returned low with 1/3 of the air being returned just below the club level seating and the 
other 2/3 returning trough return grilles built in to the lower bowl stadia.  The Revit model was 
essential in coordinating these tight spaces. Figure 79 depicts the high supply low return as well at the 
diffuser locations 

                 

Figure 79:  High Supply, Low Return, & Diffusers 

In an additional effort to save energy the main arena’s duct system is connected between AHU 
units.  This means that if the load could be served by the capacity of one of the AHU the other can shut 
down and the one running has the ability to serve the whole space.  If the ducts were not 
interconnected the one running AHU would not have the ability to evenly distribute the air.  The 
controls for this system were not looked into is great detail.  

 The location of the duct work in this space was a combination of inputs.  The optimum location 
for the distribution of air, the structural system, lighting system and catwalk location all played into the 
final location.  The duct runs between the bottom cord and the tie of the tied arch structural joint.  It is 
also running adjacent to the cat walk system on the opposite side on the lights.  This allows for both the 
optimum lighting of the arena ice and for diffusers and duct work that can be easily maintained or 
adjusted.   
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Lighting System 

The lighting in the main arena bowl is one of function. First and foremost is the lighting for the 
ice sheet and providing the necessary illumination and uniformity for the hockey players and 
spectators. Secondary to that is improving the customer experience for the spectators when they are not 
watching hockey being played. To do this light is provided at the perimeter of the arena seating bowl 
near the vomitories. Doing this creates a destination point for patrons leaving the lower bowl.  

Design Criteria 
 The illumination design criteria for the main arena ice sheet are dictated by both the IES 10th 
edition Lighting Handbook and the NCAA Best Lighting Practice.  The table below shows the strictest 
criteria between the two references. 

 

 

The power density for the main arena bowl is dictated by AHSRAE Standard 90.1 section 9. 
The allowable power density for arena is 3.1 watt per square foot, while the power density for the 
seating area is 0.43 watts per square foot. The total allowable connected load for the arena bowl is 
66752 Watts.  

Although the emergency lighting system was not designed the implementation of LED 
floodlights mounted on the catwalk illuminating the seating area could be used to provide the required 
illumination for egress. The table below outlines the design criteria for the emergency system. 

Horizontal	
  Illuminance	
   75	
  lx	
  min	
  @	
  floor	
  
Horizontal	
  Uniformity	
   Eavg:Emin	
  <=	
  2:1,	
  Emax:Emin	
  <=	
  10:1	
  

Results  
 The lighting system for the main arena ice sheet is going to be mounted on a catwalk system 
contained within the high roof structure. The layout and location of the catwalk system needed to be 
determined early within the design of the building. A simple preliminary model of the arena was 
constructed to run quick calculations to determine the optimum catwalk location. Figure 80 shows the 
preliminary model. 

Horizontal	
  Illuminance	
   1500	
  lx	
  @	
  Ice	
  
Vertical	
  Illuminance	
   400	
  lx	
  @	
  3'-­‐5'	
  AFF	
  
Horizontal	
  Uniformity	
   CV	
  <=	
  0.13,	
  Emax:Emin	
  <=	
  1.7:1	
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Figure 80:  Preliminary Lighting Layout for Main Arena 

After the preliminary locations of the luminaires were  determined the information was relayed 
to the structural designer. When the structural designer was going through design integration of the 
high steel design the lighting design was being tweaked concurrently. 

 The lighting for the ice sheet utilizes 60 indoor sports lighting luminaires with black out 
shutters. Refer to Appendix G for cut sheet details of luminaires. An important consideration that 
makes the lighting in the arena more difficult is the need to use circuits across all three phases of 
power. Doing so reduces the strobe affect when video cameras are utilized for slow motion action shots. 
Therefore to negate this affect every third luminaire was circuited on the same phase.  

 Other important design considerations are the modeling of players on the ice. The uniformity 
of the illumination plays into this as well as using luminaires from various locations to illuminate the 
same point on the ice. The final layout can be seen in Figure 81 and Figure 82.  

 

Figure 81:  High Steel with Coordinated MEP System 
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Figure 82:  Finalized Lighting Layout 
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The results of the lighting system with the configuration that HPR proposes are compared to 
the design criteria  in the following table. Figures 83, 84, and 85 show AGI renderings of the arena 
model. With the system implemented by HPR the total connected wattage is 65000 watts. Which is a 
savings of 1752 watts over the allowable. 

	
   Design	
  Criteria	
   Designed	
  	
  

Horizontal	
  Illuminance	
   1500	
  lx	
  @	
  Ice	
   1714	
  lx	
  

Vertical	
  Illuminance	
   400	
  lx	
  @	
  3'-­‐5'	
  AFF	
   1089	
  lx	
  

Horizontal	
  Uniformity	
   CV	
  <=	
  0.13,	
  Emax:Emin	
  <=	
  1.7:1	
   Cv=0.1,	
  max:min	
  =	
  1.53	
  

 

Figure 83:  Pseudo Color Rendering of Main Arena 
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Figure 84:  AGI Rendering Showing Arena Illumination & Model Overlay 
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Figure 85:  AGI Rendering Showing Pseudo Color Illumination Values on Ice 
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Design Impacts 

 HPR Integrated Design made collaborative decisions early in the design process of this thesis to 
create a more prominent high roof framing system.  By reallocating the cost savings from raising the 
event level in the Savings package, the design team was able to reinvest construction funds into the 
high roof framing systems that made more a more recognizable roof profile.  Benefits of this new 
arched roof profile could be realized architecturally through a facility that mimics the feasibility 
renderings that HPR deemed essential to deliver upon. 

 Engineering design impacts for the new systems were significant as well as the new 
architectural aesthetic that has been created in the facility.  The most noticeable impact is the 
transformation in size of the arena. Figure 86 below shows a comparison of a section through the 
existing design and HPR Integrated Design’s new proposed design. 

 

 

Figure 86:  Comparison of Transverse Section through the Arena 

 HPR Integrated Design’s proposed design increases the overall height of the arena 18 feet from 
the existing 64’-0” to 82’-0”, still compliant with the 90 foot height restriction per the University 
Planned District section 1240.b.5 requirements.  The proposed design adds about an additional 800,000 
cubic feet of air as described previously in mechanical considerations.  As stated prior, the mechanical 
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designer analyzed the additional volume and the effect on the capacity of the two 45,000 CFM air 
handlers supplying the space early in the design. 

 HPR Integrated Design’s long span trusses are much deeper than the existing design.  The 
proposed trusses are 28’-0” in total depth compared to the 12’-6” maximum depth as stated earlier in 
this report.  A comparison of the existing and proposed trusses is shown in Figure 87 below.  Although 
truss design was driven by constructability and compatibility of the high roof MEP framing systems, 
team goals dictated that the proposed truss design increase in depth to create a prominent arched roof 
profile. 

 

Figure 87:  Comparison of Existing & Proposed Truss Designs 

Delivery & Constructability 

Delivery 

 Much like the current design, constructability of this size truss system is difficult and could be 
costly. The new roof system has a truss system that is deeper than that of the current design requiring 
heavier purlins to sustain the lateral and vertical forces. The new truss system has a weight of 538 tons, 
a 34.5% increase from that of the current design. 

 Due to the truss span, these new trusses will be prefabbed and delivered by flatbed trucks in 
three sections with the bottom chords and vertical members needing to be welded on-site. Figure 88 
shows the breakdown of the truss sections to be delivered. 

 

Figure 88:  Deliverable Truss Sections 
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Current Project Design Sequencing & Constructability 

The current project team’s schedule shows the completion of all steel prior to the build-up and 
erection of the trusses. Figure 89 shows the sequence that the project team is using, starting in the 
south pink section circling east and back around to the blue section, followed by the east roof, 
northeast entrance canopy, and the auxiliary rink. The circled portion will have the steel erection 
completed, however the section will not have exterior wall enclosures or interiors completed complete 
until after all the trusses and stadia have been completely installed. The location lies between columns 
X9 to X10, and Y7 to Y10. This is to allow access for the 300 ton crane to drive in and out of the arena, 
and for precast stadia deliveries.  

 Originally, the project team opted for using shoring to support the trusses during erection. 
Through value engineering, they found it to be more cost effective to use two cranes rather than one 
large crane and shoring. This process requires the use of a 200 ton and a 300 ton hydraulic crane. To 
begin, the trusses are delivered by a flatbed truck in three sections to the north perimeter of the 
building where they are built up. The 300 ton crane is inside the building while the 200 ton crane is 
located on the outside of the building. Floor slabs and underdrains are not to be placed until after 
building enclosures are complete to avoid damage from the weight of the crane. 

 The trusses are to be erected in two picks for each truss. The first pick will be a 2/3 built-up 
section, and the second pick being the remaining 1/3. The first two trusses are to be installed prior to 
setting any purlins. As the trusses are being lifted into place, the precast stadia are also being installed. 
Using this sequence, the trusses have a final completion date of November 29, 2012. 

 

Figure 89:  Current Design Erection Sequence 

N 
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HPR’s Erection Sequence 

 For HPR to use the same cranes and sequence as the current project team, the increased cost 
due to the increased weight would be $623,056 over budget with 18 workdays added to the schedule. 
HPR found this to be unacceptable. First thing the construction manager did was to create a site 
logistics plan to help devise a more cost effective sequence.  

 Based on the site logistics plan, HPR determined that building up and erecting the trusses from 
inside the building after the steel on the north, south, and east sides are erected could improve the 
schedule and cost. Foundations will begin in the eastern portion of the building. As foundations are 
completed, slab on grade underslab MEP utilities will be run, followed by concrete placement. It is 
important to note that placement of the underdrains and ice slabs will not be placed until steel 
erection, truss erection, and precast stadia installation has been completed. This is to avoid damage to 
the slab from the crane as it moves along the arena floor. Upon completion of slab on grade in each 
section, steel erection will begin. 

Figure 90 shows the steel erection sequence, beginning in the light blue section in the east, and 
then completing the north and south sides simultaneously utilizing one 150-ton crane for each side. 
Due to the increased weight of the truss system, it was important to stay on schedule as much as 
possible. The increased weight results in an increase work days in the schedule. Steel erection will halt 
for the time being once the north and south purple sections are completed. It is important to note at 
this time that the lower bowl stadia steel will not be installed yet. This is to allow the crane to maneuver 
and for shoring to be installed. In order for the crane to maneuver in and out of the arena, foundations 
in the south portion of the auxiliary rink, between columns X2 and X4, will not be completed until after 
the crane has finished erecting the west main arena steel. 

 

Figure 90:  HPR's Erection Sequence 

N 

Open Passage Way for 
Deliveries and Crane 
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 At this time, the sections of the trusses will be delivered by a flatbed truck to the inside of the 
building using the same auxiliary south rink opening. The trusses will be erected east to west. Due to 
the increased depth of trusses, each truss will need to be erected in a three-pick sequence. The process 
for build-up and erection of each truss will take three days. The outside sections will be delivered and 
built-up on day 1 and erected on day 2. On day 3, the mid section will be built-up in the morning and 
erected in the afternoon. Two 2 foot by 2 foot shoring towers will be installed per truss to sustain the 
vertical force prior to erection. The shoring towers have a capability of carrying 5 tons per leg. Each 
truss weighs 37 tons. To sustain the lateral forces as the trusses are being erected, a 40-ton crane will be 
used to installed two of the purlins for each of the outside sections while the 150 ton crane maintains 
the stability of the pick. The remaining purlins will be installed upon completion of the mid section 
erection. Figure 91 shows the 4D erection sequence for each truss. 

 

Figure 91:  4D Truss Erection Sequence 
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As mentioned, there will be two 150 ton cranes for steel erection. To stay on schedule, as the 
trusses are being erected, the second 150 ton crane used to complete the steel erection for the east roof, 
the northeast entrance canopy, northwest mechanical court, and west auxiliary rink steel. Once these 
sections are complete, the crane will be taken off-site.  

 HPR will be renting shoring towers during of the truss erection, however, only 8 towers will be 
rented. At completion of the installation of the purlins between truss 3 and 4, the shoring tower for 
truss one will be taken down and erected for truss 5, and so on. Shoring towers for trusses 5 through 8 
will remain in place until completion of installation of the purlins between truss 7 and 8. 

 Upon completion of installation of the purlins between truss 3 and 4, the arena bowl stadia 
steel will begin to be installed followed by the precast stadia installation. This will be completing using 
10,000 lb telehandlers with a boom reach of 42 feet. With the boom reach and the height of the 
telehandler, the telehandler will be able to reach 55 feet. The telehandler will have a capability of lifting 
a maximum 6,000 pounds at the maximum reach. 

 The west arena steel will be erected after the trusses are installed, followed by the auxiliary rink 
south foundations, steel, and roof. Once the trusses are complete, the smaller crane will be taken off-
site. Figure 92 on the next page shows the 4D erection sequence for the steel and trusses. By using this 
sequence and reconsolidating the schedule, HPR found that the trusses could be completed by October 
26, 2012. This is 26 working days ahead of the current design schedule at an added cost of $528,521 
over budget. 
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Figure 92:  4D Steel & Truss Erection Sequence 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

107 

Site Logistics 

By creating a site logistics plan, HPR was able to devise a cost effective method for steel and 
truss erection. The site sits along University Drive, which has a sloping grade. The main entrance is 
located on grade of the main concourse on the north elevation, however the north side of the event 
level is below grade. The event level has its own on grade entrances on the south side 20 feet 9 inches 
below the main grade. Since the event level only has the south side that is not hidden by soil, this is 
where the crane will have to enter and exit the arena.  

Due to sizes of the trusses, the most cost effective way to erect the trusses is to erect the steel 
for the east, north, and south sides of the building, and then build-up and erect the trusses from with 
inside the arena. This will also improve the schedule. Figure 93 shows the site logistics plan developed 
by HPR’s construction manager. Looking closer at the site, locations for steel laydown can be seen on 
the north and south sides of the building. 

 

Figure 93:  Site Logistics Plan 

 

Figure 94:  South Side Steel Laydown 

 

Figure 95:  North Side Steel Laydown 
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Figure 96 shows the truss delivery logistics. Flatbed truck deliveries will enter the site at the 
main gate on University Drive and be brought in along the south perimeter of the building. As the 
truck reaches the opening at the auxiliary rinks south opening, the truck will back into the arena to the 
laydown point. Once the truck has unloaded, it will exit the arena, head west, and continue its path 
around the north perimeter of the building and out onto University Drive. 

 

Figure 96:  Truss Delivery Logistics 

Figure 97 shows the building footprint excavation logistics. Excavation will begin on the west 
end of the arena and move towards the east. Dump trucks will the main gate on University Drive, turn 
right and follow around the north perimeter of the building. As the front loader loads the truck  with 
soil and rock, the trucks with follow the south perimeter of the building and back out the University 
Drive gate. 

 

Figure 97:  Building Footprint Excavation Logistics 
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Crane Analysis 

 In determining the most cost effective method for steel and truss erection, the construction 
manager performed a crane analysis. First, an analysis was performed to determine the cost of using the 
current project team’s erection sequence. The results were found to be $623,056 for the roof system 
alone, and $479,246 for the overall steel of the arena. See Appendix G for the breakdown of these costs.  

 In order to select the type crane needed, the load capacity of each truss, the height the truss 
needed to be raised, the radius in which the crane could swing, the length the boom needed to be 
extended, and any site constraints.  

Truss Tons (Ave/Section) 

Height (ft) 

Radius (ft) 

Boom Length (ft) 

37 (12-1/3) 

90 

55 

105 

  Once these numbers were determined, the construction manager referenced load charts found 
on Bigge Crane and Rigging Co.’s website. Based on the erection sequence and the load charts, it was 
determined that a 150 ton hydraulic crane would work for erecting the trusses, and a 40 ton hydraulic 
crane for installing the purlins. See Appendix G for cut sheets on each of the cranes. 

 By using these cranes and the designed sequencing method, HPR is able to reduce the costs to 
$528,521 for the roof system alone, and $306,381 for the overall steel of the arena. That is difference of 
$94,535 and $172,865, respectively. See Appendix G for the breakdown of these costs. 
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Cost & Schedule Impact 

 The newly designed roof system was designed with the intent to enhance and give prominence 
to the roof, and to reflect that of the adjacent arenas. After reviewing the initial feasibility study designs, 
it was important to design and deliver a high quality product that owner originally sought out.  

 Using Quantity Takeoff and costs found in Craftsman’s National Estimator, the construction 
manager estimated the roofing materials, truss system, and catwalk system for the current project 
design and HPR’s design. Figure 98 shows an image of the new truss system in Quantity Takeoff. 

 

Figure 98:  HPR's Proposed Truss System in Quantity Takeoff 

The new truss system has a greater weight increasing the cost, however, some costs could be 
saved with the catwalk system. The following changes were made, with increased spending listed first, 
followed by additional savings.  

Increased Spending 

Truss System 

Shoring 

Roof Materials 

 

Additional Savings 

Catwalk 

 

$377,479 (25.0%) 

$7,707 

$197,831 (13.7%) 

 

 

$54,495 (19.2%) 

By changing the erection sequence, the construction manager was able to improve the schedule 
by 26 working days, with a completion date of October 24, 2012. The new erection sequence also 
allowed for erection to be completed using smaller cranes reducing the equipment costs. The overall 
design of the new roof system increased the budget by $528,521. See Appendix G for complete 
breakdown of differences in cost for this design package. 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

111 

Package Summary 

The main goal of the Prominence Package was to enhance the roof and give the owner a 
building that reflected that of the original feasibility study, a building with a grander appearance. 
Through coordination, HPR designed a high-roof arched truss system to help give the prominent look 
that the owner originally saw in the feasibility study.  

 As the weight of the new truss system increased, so did the cost. Based on the crane analysis 
that was performed and the detailed erection sequence that was created, the construction manager is 
able to keep the cost to $528,521 over budget and complete truss erection 26 workdays ahead of 
schedule.  
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ENHANCEMENT PACKAGE:  Function 

 

 

 

ENCHANCEMENT 

FUNCTION 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

113 

Opportunity Statement 

 When HPR Integrated Design started to look at the existing plans for the Penn State Ice Arena, 
one area that was determined that could be improved upon was the façade design. This included the 
material choices as well as the size and appearances of the entrances. The east façade’s current design 
consists of a full length curtain wall that scales from ground to roof. HPR Integrated Design believes 
that the intent of this design was to create and impressive view from University Drive as well as a view 
out to Mt. Nittany and the Bryce Jordan Center. A new design can improve on these original goals with 
the reduction of thermal loads on the building, cutting cost and potentially shortening the schedule. 

 As part of the east façade, the main entrance will be altered. HPR Integrated Design will also 
aim to draw more attention to the student entrance. Although the student entrance is not the main 
entrance, it is still highly visible from the other sports fields and to the students on a daily basis. 

Design Goals 

Architectural 

The main goal for the architectural redesign will be to provide a clear function for the form  of 
the building . As mentioned in the problem statement the original architecture is transparent curtain 
wall intended to provide impressive views both out of the building and into the building. This original 
architectural intent will be kept with HPR Integrated Design’s new redesigned façade and entrances 
with slight alterations to fit HPR’s form follows function theme.  

The spaces on the east façade of the building contain three distinct areas that respectively have 
a different occupancy levels and transparency needs. A two story atrium, general concourse space and 
lounge area all are located on the main concourse level on the east façade. On the club level the atrium 
continues as well as a general circulation space and a dining/lounge area. The atrium need a higher 
transparency both in and out of the building, the concourse need a high transparency out but a 
minimized view into the building due to the placement of restrooms and concessions in this area, and 
finally the lounge area on the southern part of the façade needed high transparency out to views of the 
surrounding landscape but minimal views in to increase privacy. This layout can be seen in Figure 97. 
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Green = Atrium, Red = Circulation, Blue = Lounge 

Figure 99:  East Facade Spaces 
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With the function of the spaces defined HPR designed the façade to contain brick piers 
encasing the structural columns. The spacing of the brick piers would relate to the adjacent spaces to 
reduce or increase the amount of glass on the façade. As seen in Figure 100, the piers were more 
closely spaced on the circulation zone and further in the atrium space, while the piers on the lounge 
zone were left spaced apart to increase view out.  

 

Figure 100:  Proposed East Facade Elevation 

Applying the form follows function theme to the entrances of the building posed a different 
architectural challenge to HPR. With both the student and main entrance HPR wanted to create 
“lanterns” that would guide patrons into the building. While doing this HPR wanted to create a 
connection between the academic core of the campus to the sports facilities on the northeastern 
portion of campus.  A Rendering of the existing design by the design team can be seen in Figure 99.  

 

Figure 101:  Existing Facade 
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Taking a look at other collegiate arenas and stadium HPR came across Reser Stadium, the 
football stadium for Oklahoma State University. HPR thought that the entrance at Reser stadium, 
shown in Figure 102 did an excellent job of meeting our design criteria of form following function and 
transparency. After deciding to use Reser Stadium as inspiration we did preliminary modeling in 
Google SketchUp (shown in Figure 103) to work out geometries and dimensions. After doing so the 
final product was modeled in the teams linked federated Revit Architecture model. The proposed 
design for the main is shown in Figure 104. 

 

Figure 102:  Reser Stadium 

 

Figure 103:  Preliminary Modeling in Google SketchUp 
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Figure 104:  Proposed Design for the Main Entrance Showing Lantern Effect 

To address the precedence of hierarchy for the student entrance as part of an architectural link 
to the campus, the architectural forms used on the main entrance were scaled down to create an 
impressive student entrance. Shown in Figure 105.  

 

Figure 105:  Proposed Design for the Student Entrance 
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Energy 

HPR Integrated Design was interested in investigating the effects that the percent glass has on 
the energy consumption.  Since the façade we are interesting in changing faces north east it is our 
assumption that the energy savings would be minimal and that the majority of the savings would come 
from the higher R-value of the wall in the place of existing glass.  

We investigated the effects that the amount of glass has on energy.  Once a decision was made 
regarding the amount of glass, keeping in mind both the energy use and the architectural vision, a 
separate analysis was done that investigated the effects of different curtain wall systems and of Wall 
construction type.  Kawneer curtain walls were used for this comparison.  

Effect of Glass 

 Five different percentages of glass were chosen for this study:100% (existing design), 70%, 50%, 
30%, and 10%.  An energy analysis was done using the Trane Trace model created for the loads.  
Schedules were changed to reflect the actual building occupancy and use schedules.  The systems were 
also changed to reflect the AHU’s of the actual design.  The main changes included the addition of 
both the enthalpy and desiccant wheels in AHU-10,11, and 12, as well as the heat pipes in AHU-5,7,8,9.  
Fan power was also added for all of the air handling units.   

 The construction type for this analysis for this percent glass study used wall U-Value of 0.029 
which was considered to be a good construction type will below the maximum allowed by ASHRAE 
90.1 for climate zone 5A.  The U-Value for the glass curtain wall system was set to 0.4.  This is also 
below the maximum allowed for climate zone 5A.  

In Table 23 you can see that the percent of glass does have an effect on the load on AHU-2,3, 
and 4 but that the reduction in load is not that drastic.  This is because most of the spaces that these air 
handlers serve are not adjacent to the curtain wall in addition to the curtain wall facing northeast.  It is 
HPR opinion that the orientation of this façade was chosen because of its limited impact on load.  

	
  	
   Load	
  (MBTU/h)	
  

%	
  Glass	
   AHU-­‐2	
   AHU-­‐3	
   AHU-­‐4	
   Total	
   Percent	
  Reduction	
  

100	
   358.6	
   1041.2	
   1566.7	
   2966.5	
   0.0%	
  

70	
   333.7	
   1029.7	
   1550.3	
   2913.7	
   1.8%	
  

50	
   311.2	
   1016	
   1541.8	
   2869	
   3.3%	
  

30	
   294.5	
   1001	
   1529.9	
   2825.4	
   4.8%	
  

10	
   281.5	
   978	
   1517.9	
   2777.4	
   6.4%	
  

Table 23:  Percent Glass Effects on Spaces Adjacent to the Curtain Wall 
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Table 24 shows how this reduction in the percent of glass along the eastern façade affected the 
total energy consumption of the entire arena over the course of the year.  Here the savings are even 
smaller when considered as a percent.  With that said it sill shows a max of over $8,000 a year in total 
energy cost.  A 30-year life cycle cost analysis was also done to see what effect this had on the life time 
cost of the building and the maximum amount of savings was roughly $250,000.  This was determined 
using the Energy Price Indices and Discount Factors for Life Cycle Cost Analysis and can be seen in 
Table 25. 

	
  	
   Cost	
   	
  	
  

%	
  Glass	
  
Cooling/Electric	
   Heating	
  

Total	
  Building	
  
Energy	
  Cost	
  

Percent	
  	
  
Reduction	
   30	
  Year	
  Life	
  Cycle	
  	
  

100	
   $335,150.00	
  	
   $233,366.00	
  	
   $568,516.00	
  	
   0.0%	
   $16,521,128.24	
  	
  

70	
   $333,878.00	
  	
   $232,560.00	
  	
   $566,438.00	
  	
   0.4%	
   $16,460,867.28	
  	
  

50	
   $332,857.00	
  	
   $231,661.00	
  	
   $564,518.00	
  	
   0.7%	
   $16,404,774.76	
  	
  

30	
   $331,756.00	
  	
   $230,837.00	
  	
   	
  $562,593.00	
  	
   1.0%	
   $16,348,743.44	
  	
  

10	
   $330,471.00	
  	
   $229,895.00	
  	
   	
  $560,366.00	
  	
   1.4%	
   $16,283,951.96	
  	
  

Table 24:  Percent Glass Effects on Total Energy for Building 

 

 

 

 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

120 

 

 

Table 25: Table Ca-1 of the Energy Price Indexes & Discount Factors 
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From these results HPR Integrated Design determined that an energy savings gained from a 
deduction of glass along the east would be taken as an added benefit to a change that would be driven 
by an architectural vision or goal.   

As stated earlier the goal of the function package was to improve the function of the spaces 
through the façade, and to create a more distinct and attractive entrances.  The portion of the façade 
that was adjacent to the concourse was to mimic the rhythmic vertical slit windows that line the 
concourse on the other two façades. Figure 106 shows the vertical slit windows along the concourse of 
the south façade. 

 

Figure 106:  South Facade 

It was HPR Integrated Design’s goal to invert this trend on the east façade.  Instead of a large 
brick wall with vertical slit windows, we were going to create a large glass façade with thin brick piers.  
We originally thought the design would level out around 70% glass but as the design progressed we 
quickly had a façade that meet out architectural goals and hade reduced the percent glass to 50%. This 
can be seen in Figure 107. 

 

Figure 107:  Proposed Design for East Facade 

Effect of Wall Construction Type and Curtain Wall System  

 Once the percent glass and the final architectural design was decided open the curtain wall 
system had to be selected as well as the wall construction type.  HPR Integrated Design decided to 
study two different wall construction types.  The First was a standard wall construction type that 
original design used and that I had previous used in the percent class study.  The U-Value (0.029) for 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

122 

this construction was confirmed by the structural designer using HAM Toolbox.  The second was a 
block backed brick wall.  This was chosen because of the possible reduction in material and labor cost.  
This U-Value (0.055) was also confirmed using the HAM Toolbox.   

Brick	
  Wall	
   Cost	
  

Construction	
  
Total	
  U-­‐Value	
  
BTU/h-­‐ft2-­‐F	
  

Cooling/	
  Electric	
   Heating	
  
Total	
  Building	
  
Energy	
  Cost	
  

30	
  year	
  life	
  Cycle	
  
cost	
  

CMU	
  &Brick	
   0.055	
   	
  $331,792.00	
  	
   	
  $232,465.00	
  	
   	
  $564,257.00	
  	
   	
  $16,399,631.92	
  	
  

Stud	
  &	
  Brick	
  	
   0.029	
   	
  $331,785.00	
  	
   	
  $231,613.00	
  	
   	
  $563,398.00	
  	
   	
  $16,373,330.92	
  	
  

CMU	
  &	
  Brick	
   0.055	
   	
  $335,886.00	
  	
   	
  $231,368.00	
  	
   	
  $567,254.00	
  	
   	
  $16,480,488.08	
  	
  

Stud	
  &	
  Brick	
  	
   0.029	
   	
  $335,951.00	
  	
   	
  $230,487.00	
  	
   	
  $566,438.00	
  	
   	
  $16,455,311.64	
  	
  

CMU	
  &	
  Brick	
   0.055	
   	
  $331,938.00	
  	
   	
  $231,484.00	
  	
   	
  $563,422.00	
  	
   	
  $16,373,656.24	
  	
  

Stud	
  &Brick	
  	
   0.029	
   $331,941.00	
   	
  $230,412.00	
  	
   	
  $562,353.00	
  	
   	
  $16,340,894.04	
  	
  

CMU	
  &	
  Brick	
   0.055	
   $332,538.00	
   	
  $231,085.00	
  	
   	
  $563,623.00	
  	
   	
  $16,378,206.88	
  	
  

Stud	
  &	
  Brick	
  	
   0.029	
   $332,529.00	
   	
  $230,238.00	
  	
   	
  $562,767.00	
  	
   	
  $16,352,003.16	
  	
  

Table 26:  Wall Construction Type Study 

Table 26 shows the results of the wall construction type study. The energy uses were fairly 
comparable between the to wall types. Once the costs of the two systems were actually compared it did 
not make sense to switch from the current designs stud and brick wall construction to the less efficient 
block backed brick wall.   

 The wall construction type determined it was than time to compare and select a curtain wall 
system.  HPR Integrated Design decided to use Kawneer Wall Systems as our curtain wall provider.  
We choose Kawneer because we had access to one of there sales representatives in Andy Zubal.   We 
would compare two different wall systems that Kawneer offers, the 1600 wall system and the 1600 UT 
wall System.   The UT stands for Ultra Tremal and is on of  the products that Kawneer is trying to push.  
With the standard wall system we compared the different mullion types you can install the system with.  
You will see there is a small impact on the systems U-value and shading coefficient. 

 The U-Values for the systems were found using the Kanween product data sheet using a center 
of glass U-value of 0.22.  An example of the chart these data sheet provided can be seen in Table 27. 
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Table 27:  U-Value Chart for the Kawneer 1601 Wall System 
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 With a our Trace model now reflecting 50% glass and a wall U-Value of 0.029 the four different 
curtain wall assemblies were entered in separate alternatives.   The results where run and can be seen 
in Table 28. 

Curtain	
  Wall	
   Cost	
   	
  	
  

Model	
  
Total	
  U-­‐
Value	
  	
   SHGC	
  

Cost	
  Per	
  
SQFT	
  

Cooling/	
  
Electric	
  

Heating	
   Total	
  Building	
  
Energy	
  Cost	
  

30	
  year	
  life	
  Cycle	
  
cost	
  

Curtain	
  Wall	
  
Savings	
  	
  

16
01

	
  

0.4	
   0.14	
  
	
  $	
  	
  	
  	
  	
  	
  	
  

63.00	
  	
  
	
  $	
  	
  	
  	
  	
  	
  

331,785.00	
  	
  
	
  $	
  	
  	
  

231,613.00	
  	
  
	
  $	
  	
  	
  	
  	
  	
  

563,398.00	
  	
  
	
  $	
  	
  	
  	
  

16,373,330.92	
  	
  
0.2%	
  

16
02

	
  

0.34	
   0.21	
  
	
  $	
  	
  	
  	
  	
  	
  	
  

63.00	
  	
  
	
  $	
  	
  	
  	
  	
  	
  

335,951.00	
  	
  
	
  $	
  	
  	
  

230,487.00	
  	
  
	
  $	
  	
  	
  	
  	
  	
  

566,438.00	
  	
  
	
  $	
  	
  	
  	
  

16,455,311.64	
  	
  
-­‐0.3%	
  

16
03

	
  

0.34	
   0.14	
  
	
  $	
  	
  	
  	
  	
  	
  	
  

63.00	
  	
  
	
  $	
  	
  	
  	
  	
  	
  

331,941.00	
  	
  
	
  $	
  	
  	
  

230,412.00	
  	
  
	
  $	
  	
  	
  	
  	
  	
  

562,353.00	
  	
  
	
  $	
  	
  	
  	
  

16,340,894.04	
  	
  
0.4%	
  

16
00

	
  U
T	
  

1	
   0.33	
   15	
  
	
  $	
  	
  	
  	
  	
  	
  	
  

72.50	
  	
  
	
  $	
  	
  	
  	
  	
  	
  

332,529.00	
  	
  
	
  $	
  	
  	
  

230,238.00	
  	
  
	
  $	
  	
  	
  	
  	
  	
  

562,767.00	
  	
  
	
  $	
  	
  	
  	
  

16,352,003.16	
  	
  
0.3%	
  

Table 28:  Curtain Wall Type Study Results 

Cost was also a concern when selecting the two systems.  The cost reflected in the fourth 
column of Table 28 contains the cost for the metal and the glass.  It does not has labor included.  The 
glass has a U-Value of 0.22.  The costs are not dead nuts accurate but were deemed sufficient for HPR 
Integrated Designs comparison sake.   

The Trace Model showed that the standard 1603 Wall system had the best energy performance 
although the savings where minimal.  Because the cost for this system was the same as all the other 
standard 1600  wall systems and significantly cheaper than the Ulter Thermal alternative it was selected 
for our design.   

The Ultra Thermal product was not beneficial for us because the double thermal break the 
product has only shows an affect when dealing with glazing with a super low u-value.  HPR Integrated 
Design did not see any benefit in spending the extra money on either the metal or the improved glazing 
because, as show in the percent glass study, the load and energy savings by improving the walls total U-
Value was minimal.   

Once the wall system was selected the structural design performed the necessary structural 
checks to insure it could be used and the design was finalized.  
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LEED –Energy and Atmosphere 

 It Is HPR Integrated Design’s goal to keep the building on track to earn a LEED Gold rating 
and part of this means conserving energy. According to the current projects LEED Score Card found 
in Appendix H, the current design is aiming for at least 5 points for the Energy and Atmosphere credit 
C.1. This credit is based on the comparison to a base line model created following the procedure laid 
out in Appendix G of ASHRAE Standard 90.1.  The percent improvement is then found by using the 
blow equation. 

%  𝑰𝒎𝒑𝒓𝒐𝒗𝒎𝒆𝒏𝒕 = 100  ×
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 − 𝑃𝑟𝑜𝑝𝑜𝑠𝑒𝑑  𝐵𝑢𝑖𝑙𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒
 

 Since tracking LEED point is a process that starts in design and continues to the building is 
occupied it is difficult for use to say with certainty what points we would actually be able to achieve.  It 
is HPR Integrated Design’s approach to assume the current design will achieve its goal of LEED gold 
and we will keep track of changes made that could affect the total number of point the arena earns.  
With this in mind HPR will not be creating a baseline model in accordance to ASHRAE 90.1.  Instead  
we will use the model created for the original design and know that design earned 5 lead points we will 
be able to determine the energy the baseline model would use.   

 

Table 29:  LEED Optimizing Energy Performance Credit 

 Including all the savings from the façade and the reduction in size of AHU-7 and AHU-8.  HPR 
Integrated design is projected to use 3.9% less energy than the current design will use.  This 
extrapolates out to put out design and 23% energy use than the ASHRAE 90.1 appendix G baseline 
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model.  This would give our design one addition LEED point over the current design.  These 
calculations can been seen below.  

𝐶𝑢𝑟𝑟𝑒𝑛𝑡  𝐷𝑒𝑠𝑖𝑔𝑛  𝐸𝑛𝑒𝑟𝑔𝑦  𝑈𝑠𝑒 = $585,299/𝑦𝑟 

𝐻𝑃𝑅  𝐷𝑒𝑠𝑖𝑔𝑛!𝑠  𝐸𝑛𝑒𝑟𝑔𝑦  𝑈𝑠𝑒 = $562,353/𝑦𝑟  

$585,299 − $562,353
$585,299

= 3.9%  𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛   

𝟐𝟎% = 100  ×
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 − 𝑃𝑟𝑜𝑝𝑜𝑠𝑒𝑑  𝐵𝑢𝑖𝑙𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒
 

𝟐𝟎% = 100  ×
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 − $585,299

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒
 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝑃𝑒𝑟𝑚𝑎𝑛𝑐𝑒 = $731,624 

23.1% = 100  × $"#$,!"#!$"#$,!"!
$"#$,!"#

 

It is important to note that the current design was assumed to only be 20% better than the base 
line model.  It the Current design was actually 21% better than the base line out new design could in 
fact earn 2 more LEED points than the current design.   

 

 

 

 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

127 

Lighting  

The lighting design for the facade redesign will reinforce the lantern theme of the redesign. To 
drive home the lantern theme the lighting in the atrium will be mostly an “indirect” delivery system 
developed by Zumtobel called Miros. This system does two things to achieve the fell HPR wanted; first 
it delivers a uniform lighting distribution on the atrium floor while providing efficient ambient light to 
have the entire atrium glowing with bounced light. A secondary use for the system is to hide the 
lighting delivery system from the exterior, by mounting the projectors on the brick piers and aiming 
them at the ceiling mounted mirrors located directly above obstructs the view of the lighting system 
from University Drive as well as the walkways leading up to the main entrance of the building.  

The illuminance criteria outlined by the IES 10th edition lighting handbook are as follows: 

Horizontal	
  Illuminance	
   150	
  lx	
  @	
  floor	
  
Vertical	
  Illuminance	
   75	
  lx	
  @	
  5'	
  AFF	
  
Uniformity	
   Emax:Emin	
  <=	
  2:1	
  

ASHRAE Standard 90.1 section 9 outlines the allowable lighting power density for the atrium 
space. Lobby spaces are allowed to have a power density of 0.73 watts per square foot. In the case of the 
atrium that gives a total connected wattage of 2580 watts. Figure 106 below shows a section through the 
atrium space detailing how the Miros system would be implemented in this space.  

 

Figure 108: Diagrammatic Section through the Atrium 

The Miros system chosen for the atrium is the semi-matte finish with a 30 degree spread. 
Choosing this option HPR was able to create a solution that was able to meet all of the design criteria. 
Figure 109 below shows the illuminance values on the surfaces within the atrium. It is important to 
note that the Miros system does create a hot spot on the system with the spill light that does not strike 
the mirror. However this is minimized by the distance between the projector and the mirror. In this 
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solution the projector is mounted at 23’ above the main concourse level and the mirror is mounted 2 
feet below the ceiling plane of 35’ above the main concourse level. Using these mounting heights the 
distance is reduced to 9’ and the maximum illuminance on the ceiling is roughly 750 lux. 

 

Figure 109:  3DS Rendering of Lighting Solution in Atrium 

 

Figure 110:  AGI Pseudo Color Rendering of Atrium 
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The Miros system provides the following illumination levels compared to the design criteria in 
the following table. 

Horizontal	
  Illuminance	
   150	
  lx	
  @	
  floor	
   153	
  lx	
  
Vertical	
  Illuminance	
   75	
  lx	
  @	
  5'	
  AFF	
   126	
  lx	
  
Uniformity	
   Emax:Emin	
  <=	
  2:1	
   xx	
  lx	
  

 Another important lighting feature of the atrium is the illumination of the showcase wall. This 
wall is located opposite of the façade and the entrance. An important criteria for the showcase wall will 
be an illumination level that is 3 to 10 times higher than the ambient illumination in the atrium. To 
apply this technique to the atrium, HPR is implementing a cantilevered wall washing luminaire 
mounted at the bottom of the showcase wall. In Figure 109 it can be seen that the showcase wall is 
illuminated to around 375 lx, which is just over 3 times the ambient illumination provided on the floor.  

 The last lighting element within the atrium is the area directly above the vestibule space. 
Contained within the space HPR is proposing the use of hanging banners for another opportunity to 
showcase the new hockey program. The banners would be illuminated by track mounted fixtures on the 
piers of the main entrance. As it can be seen in Figure 111 the illumination of this area is 450 lux and 
above. The illumination of the banners can be seen in Figure 111. 

 

Figure 111:  3DS Rendering Showing the Atrium Lighting Solution 
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The total connected wattage for the atrium is 3618 watts. This is over the code allowable by 
1038 watts, however this space and the other spaces designed for this thesis are all categorized as 
tradable therefore looking at all three packages there is a net energy savings.  

Structural  

 Structural considerations for the Function package we’re limited in scope as the primary driver 
of this focus was energy, lighting conceptualization and architecture.  The structural designer had 
significant input into the architectural design of both the East façade redesign and the new main and 
student entrances.  This role of the structural designer in the function design package was to facilitate 
the needs of the mechanical and lighting/electrical designers in the redesign of the atrium and east 
façade spaces. 

 Master’s coursework was used heavily throughout this enhancement package to assist in the 
confirmation of façade assemblies and curtain wall selection.  Additionally, new main and student 
entrances were designed in SAP2000 to accommodate for the team’s design alternative.  The following 
section will go into more detail about these structural considerations and the role of the structural 
designer in this capacity. 

East Façade Design Input 

 HPR Integrated Design’s design concept for the east façade was to replace the curtain wall that 
encompasses the entire east face of the building with a more traditional brick pier system consistent 
with the adjacent walls of the facility.  Switching from the lighter curtain wall system to a heavier brick 
cavity wall assembly required exterior column checks for capacity.  Exterior columns were checked as 
combined loading members for both the axial load from the roof above and the wind loads derived 
from ASCE 7-10 wind criteria.  Sample calculations for the exterior column checks can be found in 
Appendix H. 

 The structural designer worked closely with the mechanical designer to redesign the new east 
façade wall assembly and help in the selection of the new curtain wall system and layout.  Through the 
use of H.A.M. Toolbox, a building enclosure analysis and design tool, the mechanical designer and 
structural designer confirmed the desired cavity wall assembly would have a desired U-value that would 
enhance the building’s energy performance. 

 Multiple wall assemblies were investigated for their thermal efficiency including an study into 
using a block (CMU) back up instead of structural metal studs.  Ultimately, the wall assembly matched 
the typical 1’-4” wide exterior cavity wall with a 6” metal stud backup.  Using an u-value derived from 
HAM toolbox, the mechanical designer fan calculations using Trane Trace.  An example of the R-Value 
Analysis completed by the structural designer can be seen in Figure 110 below. Additional H.A.M. 
toolbox analyses can be found in Appendix H. 
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Figure 112:  H.A.M. Toolbox R-Value Analysis - Exterior Cavity Wall Assembly 

 The R-value analysis also allowed the structural designer to verify that condensation issues 
would occur on the exterior side of the drainage plane.  In addition to verification of the R-value, a 
condensation analysis was also performed using the chosen exterior cavity wall assembly.  Figure 113 
and 114 below show the condensation analysis for the summer and winter months assuming the 
location of the building is in Pittsburgh, PA , the closest city within the program. 
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Figure 113:  Summer - Condensation Analysis 

 

Figure 114:  Winter - Condensation Analysis 
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 Condensation analysis for the exterior cavity wall assembly with structural stud backup allowed 
the structural designer to coordinate with the mechanical designer on required thickness of insulation, 
location of vapor and air barriers, etc.  The analysis showed that the summer months would result in 
condensation issues as the saturated vapor pressure never is reached.  In the winter  however, 
condensation will occur in the wall cavity but on the exterior side of the drainage plane.  Analysis on 
this wall showed that minimal condensation could occur between the exterior brick and mostly in the 
air space.  If the exterior wall is wept correctly and blockages from masonry mortar are avoided in 
construction, this wall assembly should have no issues with condensation. 

 These analyses were part of master’s level coursework for AE 542 – Building Enclosures 
Science & Design.  Although the process was not purely structural in nature, the ability to verify the 
wall assemblies performance characteristics allowed HPR Integrated Design to move forward with 
design with the knowledge of an enhanced façade for energy performance.  Additional condensation 
analysis was done in HAM toolbox for thoroughness in design choices and can be found as a part of 
Appendix H. 

 Continuing collaborative design with the mechanical and lighting/electrical designers, the 
curtain wall system was the next major structural consideration for the east façade design focus.  After 
the mechanical designer had selected the Kawneer 1600 wall system, the mechanical designer and 
structural designer worked together to detail a typical curtain wall assembly. Figure 115 shows the final 
configuration of a typical curtain wall elevation, finalized through collaborative design. 

 

Figure 115:  Typical Curtain Wall Elevation 
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 Using the largest pane of glass in this elevation, which is a 8’-4” tall by 5’-4” wide pane at the 
bottom of the elevation, the structural designer performed  analysis on the glazing.  Two major analysis 
checks were conducted:  wind strength design per ASTM E1300 and small missile impact analysis per 
ASTM E2025 for windborne debris considerations. 

 The analysis confirmed that the ¼” thick laminated glass insulated glass units (IGUs) meet both 
design criteria and could be used per the Kawneer specifications.  Additionally, the structural designer 
completed design on the structural mullions with the assumption that the Kawneer system had 
continuous mullions as it was a shop fabricated unitized system.   Analysis confirmed that T5 aluminum 
structural mullions had to be at least 7 mm or approximately 3/8” thick to satisfy both ASTM E1300 and 
ASTM E2025 design criteria.  It is important to note that bearing criteria was not investigated and large 
missile impact was ignored.   Hand calculations for the curtain wall glazing and mullion design can be 
seen in full in Appendix H. 

New Entrance Structural Design 

 The overall team concept for the function enhancement package was to create spaces that 
revealed their function through the architecture. Part of the design focus was to increase the 
prominence of the main and student entrances. The structural designer performed a combination of 
hand calculations and computer modeling in SAP2000 to design the entrances for gravity forces only.  
To simplify the design, wind loads were not accounted for directly but the member sizes were 
conservative in the final design.  Canopy framing was also considered purely for minimum live loads 
per code, conservative snow loads and dead loads. Figure 116 below shows the main entrance structural 
system and canopy framing. 

 

Figure 116:  Main Entrance Canopy Framing 
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 The main entrance consists of W10’s for canopy framing members, W16’s for more economic 
roof framing members and conservative W14x53 columns that tie into the existing structure system.  
Posts were added to the design for architectural and to support the canopy system.  They consist of 
HSS6x6x3/8 members, which are conservative for the required capacities.  Foundation design was not 
included as part of this quick design process but were modeled for design authoring purposes only. 

 Figure 117 shows a 3D view of the new student entrance framing design. The student entrance 
boost a two story atrium that is 50’ wide and is a major architectural change from more modest existing 
design. Canopy framing for this entrance is again W10 wide flange shapes and W14 columns 
conservatively sized. Since the student entrance spans nearly 50’, W24x94 girders were hand calculated 
by the structural engineer to take the applied loads of the structure. Foundation design was not taken 
into account at this location and was modeled solely for design authoring purposes. Sample hand 
calculations can be found in Appendix H for both the main and student entrances. 

 

Figure 117:  Student Entrance Framing Perspective 
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Cost & Schedule Impact 

The newly designed roof system was designed with the intent to reduce energy consumption by 
reducing the square footage of glass on the east façade.  

 Using Quantity Takeoff and costs found in Craftsman’s National Estimator, the construction 
manager estimated the façade for the current design and HPR’s design. Figure 118 shows an image of 
the new east façade in Quantity Takeoff. 

 

Figure 118:  HPR's Proposed East Façade in Quantity Takeoff 

The new façade design helps with energy savings, but increases the total construction cost by 
$77,575. This is due to the increase in the height of the main concourse walls and the added labor from 
the external walls. The following changes were made, with increased spending listed first, followed by 
additional savings. 

Increased Spending 

Exterior Wall Material 

 

Additional Savings 

Glazing 

 

$115,256 

 

 

$37,680 (6.6%) 

Along with redesigning the façade, HPR focused on enhancing the main and student entrances. 
The entrances are not very recognizable in the current design. It was important to deliver a more 
prominent and welcoming entrance for both locations. The following changes were made and 
estimated in Quantity Takeoff. Increased spending is listed first, followed by additional savings. 
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Increased Spending 

Exterior Wall Material 

 

Additional Savings 

Glazing 

 

$115,969 

 

 

$97,602 (5758.3%) 

By enhancing the east façade and the entrances, the overall construction cost is increased by 
$95,942. See Appendix H for complete breakdown of differences in cost for this design package. The 
added material for the Function Package would result in 34 days passed the current project design 
schedule. The construction manager’s new schedule created in the Prominence Package allows only an 
additional 8 days of construction for this design package. 



HPR Integrated Design 

BIM THESIS FINAL REPORT 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA  

 

138 

Package Summary 

  The main goal of the Function Package was to reduce the building’s energy consumption while 
striving to maintain code compliance. By reducing the square-footage of glass, HPR was able to reduce 
energy costs by 3.9% and earn one point more than that of the current design.  

The secondary goal was to give the building a more grander and recognizable main and student 
entrances. Where the glass was reduced, brick was replaced. The total increased cost for this package is 
$95,542 with an added 8 workdays to the schedule. Design intent for this package was to design an 
energy efficient building. 

 

 

ENCHANCEMENT 

FUNCTION 
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HPR Redesign Cost & Schedule Summary 

Summary of Packages 

 HPR Integrated Design has developed three packages that first saved costs, and then enhanced 
the building features. These packages will give the owner options to enhance the quality of their ice 
hockey arena. HPR has studied the feasibility study up through the preliminary design, as well case 
other case studies, while using value engineering to develop these packages. Shown below are the costs 
impacts of each of the packages. See Appendix F, G, and H for the breakdown of these packages. 

Savings 

Savings Package 

 

Additional Cost 

Prominence Package 

Function Package 

$ (% Change) 

$330,406 (3.4%) 

 

 

$528,521 (16.4%) 

$95,942 (13.5%) 

Workdays 

Save 15 

 

 

Save 26 

Add 8 

 When these packages are added together, a total of $294,056 is added to the overall budget. 
With the reconsolidation of the schedule, the project has a new completion date of August 13, 2013, 17 
workdays ahead of schedule.  

General Conditions 

 For this project, the construction manager used an overhead and profit markup of 24.8% of the 
overall $73 million budget. Based on Craftsman’s National Estimator, a breakdown of this percentage is 
shown below. 

Indirect Overhead 

Direct Overhead 

Contingency 

Profit 

8.0% 

7.3% 

2.0% 

7.5% 

Total 24.8% 

HPR was able to complete the project 17 workdays ahead of schedule, or 22 calendar days. The 
result of this showed improved cost savings due to the reduction of indirect and direct overhead costs, a 
total general conditions savings of $394,411. The breakdown can be seen below. 
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Indirect Overhead 

Direct Overhead 

% of Budget 

8 

7.3 

Current Design 

$5,840,000 

$5,329,000 

Reduced Cost 

$5,633,722 

$5,140,817 

Savings 

$206,228 

$188,183 

   Total $394,411 (3.5%) 

Final Savings 

 The overall savings to the owner for HPR’s proposed design is $100,355, and 17 workdays. 
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APPENDIX B: Measures for Success 

Event Level Relocation 

− Coordination amongst all of the disciplines throughout project design. 
− Reduction in flooring system to allow for maximum plenum space while balancing optimum 

relocation of the entire event level. 
− Reduction in cost for the redesign flooring system versus the existing flooring system. 
– Reduce the cost of materials and resources needed for excavation. 
– Reduce schedule by reducing amount of bedrock needing to be excavated. 
– Optimize duct size balancing energy, cost, and space.  
– Reduce the lighting power density of the level below ASHRAE Standard 90.1 Section 9. 
– Reduce the cost of the electrical distribution system by optimizing the routing of conduit & 

wiring through the building. 
– Ensure systems designed are achieving points necessary on LEED score card for Gold 

Certification. 

Main Arena Roof System Design 

– Coordination amongst all of the disciplines throughout project design. 
– Along with the façade redesign, create an iconic roof system. 
– Roof system design increases or maintains constructability. 
– Reduce cost with reduction of long span truss member size. 
– Structural design maintains performance of lateral system with new truss system. 
– Structural design allows for efficient lighting and mechanical designs while fully integrated. 
– Determine proper crane size and amount of cranes needed to install roof system. 
– Create a site logistics plan that allows smooth flow of operations. 
– Create a controllable system that can be turned down when arena is not occupied which leads 

to a reduction of energy use. 
– Reduce the lighting power density of the space below ASHRAE Standard 90.1 Section 9. 
– Meet or exceed the lighting design guidelines laid out by the NCAA. 
– Create an electrical distribution system that is versatile and provides the space with functional 

& logical points of connection. 
– Ensure systems designed are achieving points necessary on LEED score card for Gold 

Certification. 

Façade Redesign 

– Coordination amongst all of the disciplines throughout project design. 
− Along with the main arena roof system design, create an iconic façade design. 
− Reduction or maintain the exterior column sizes while accommodating new façade materials 

with appropriate connections. 
− Reduce thermal load to spaces along the east façade. 
− Create more efficient air distribution in the lobby and concourse. 
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– Reduce project cost and energy cost by selecting optimum glazing panels for architectural and 
energy performance. 

– Reduce resources needed for installation by changing the system of the façade from glass 
curtain wall to brick and glazing. 

– Improve schedule for installation of new design. 
– Reduce the lighting power density of the spaces below ASHRAE Standard 90.1 Section 9. 
– Create an iconic building facade that balances architecture and engineering. 
– Ensure systems designed are achieving points necessary on LEED score card for Gold 

Certification. 
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APPENDIX C: BIM Execution Planning 

BIM Goals 

 

Table 30:  BIM Goals 
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BIM Uses Worksheet 

 

Table 31:  BIM Uses Worksheet 
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APPENDIX D: MAE Thesis Requirements 

Construction MAE 

The construction management MAE requirements were satisfied through knowledge gained in 
the following courses: 

• AE 597G – Building Information Modeling Execution Planning 
• AE 598C – Sustainable Construction Project Management.  
• AE 570 – Production Management in Construction 

As the BIM Execution Plan Manager for HPR Integrated Design, along with my teammates, I 
was able to create and implement a successful BIM Execution Building Information Modeling (BIM) 
Execution Plan for this project. The plan described the process for how the flow of the project would 
progress, the BIM uses for the scope of the project, and the coordination efforts of the team. 

Sustainable Construction Project Management skills were used to keep Green in mind and 
strive for LEED Gold Certification. While there was not enough time in the semester for the team 
members to focus on every category of the LEED scorecard, efforts were made in each design aspect to 
maintain or exceed the current design’s score. It was important for the team to incorporate Value 
Engineering in every decision that was made in order to deliver the highest quality product for the 
budget allotted. Individual members of the team brainstormed on the first design package in trying to 
find a way to reduce wasted space in the plenum of the event level by raising portions of the event level. 
After much deliberation, I was able to formulate a way to reduce the excavation by suggesting the entire 
event level be raised while keeping the main concourse locked in place. While maintaining the 
architect’s intent, we were able to reduce the excavation cost and reallocate those savings into our roof 
design package. By reducing the excavated material, my team was able to reduce excess hauling away of 
the material, reducing vehicle exhaust into the atmosphere.   

Skills developed in the Production Management course were used to successfully create a short 
interval project schedule for the erection of steel, erection of the truss system, and installation of 
precast stadia. The new truss system increased in weight by 34.5%, requiring an additional 18 workdays 
passed the truss completion date. By reconsolidating the schedule and creating a new erection 
sequence, I was able to complete the truss erection 26 workdays sooner than that of the baseline 
schedule. 

Mechanical MAE 

 The mechanical MAE requirements were satisfied by the completion of a CFD analysis on the 
Men’s Locker Room.  The goal of the study was to determine more accurately the required amount of 
ventilation the locker room would need.  To perform this analysis the mechanical design drew on 
knowledge gain in his Indoor Air Quality class, AE 552, and his CFD modeling class, AE 559. 
Fundamental skills gained in AE 552 where used to calculate a ventilation rate that would allow for 80% 
of the room occupants to be satisfied with the rooms odor levels.  This value turned out to be roughly 
2.5 CFM/sf, five times greater than that required by code.   
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 Because of this a CFD model was created an analysis run to determine what exactly the 
implications were to the two different ventilations rates.  The room diffuser layout was designed, the 
diffusers selected (Titus).  The model ran for 5000 iterations, used a K-E turbulence model and a hybrid 
differencing scheme.  The results can be seen in both Appendix F and in the Savings Package under 
“Mechanical Design.” 

Structural MAE 

 The structural MAE requirements for the BIM Thesis were satisfied through using knowledge 
obtained from AE 542 – Building Enclosure Design & Science and AE 597A – Computer Modeling of 
Structures throughout the yearlong capstone thesis project.  The use of knowledge gained from AE 
597A was used heavily throughout the computer modeling process to obtain more accurate results and 
a deeper understanding of the numbers the computer analytical software was spitting out.  The class 
allowed for more accurate design of members, obtaining critical loading information for long span truss 
design and design checks. 

 Coursework from AE 542 – Building Enclosure Science & Design was also very helpful 
throughout the thesis.  HPR was able to perform H.A.M. Toolbox façade assembly condensation 
analysis and R-value checks for more accurate energy performance analysis.  The structural design also 
was able to design & analyze the curtain wall system for strength considerations and resistance to wind 
borne debris.  Finally, AE 537 – Building Failures was another class that was used in the thesis for 
input on best design practices against failures mostly in the façade redesign process. 
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APPENDIX E:  Engineering Calculations  

Structural Hand Calculations 

Savings Package Hand Calculations 

Alternative Flooring Study – NWC vs.  LWC 
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Curved Tendon Research 
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Sample Calculation:  Micropile Capacity Check 
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Sample Calculations:   Sloped Lower Bowl Steel  Design & Analysis  

Sloped Rackers Capacity Check – LFRD Analysis  
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Sample Calculation:  Sloped Vomitory Steel  Design – Non-Composite Design – LFRD Design 
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Masonry Bearing Wall Design – ASD Design 

Precast Stadia Bearing on CMU Detail  Above Lower Bowl 
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Figure 119:  Sample Calculation:  Masonry Bearing Wall ASD Design 
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Prominence Package Hand Calculations 

Sample Calculations – Supplementary Framing Purlin Design 
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Function Package Hand Calculations 

Curtain Wall Glazing Design – Strength and Wind Borne Debris  

Glazing & Structural Mullion Design per ASTM E1300 and ASTM E2025 
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Sample Calculation:  Exterior Column X15-Y7 Capacity Check 
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Sample Calculations – Main & Student Entrance Steel  Design 
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Mechanical Calculations 

Trane Trace Load Calculations Based of the DD Drawings 
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APPENDIX F:  Event Level Raising 

Bedrock & Soil Excavation 

 

Figure 120:  Boring Points on Site 

Table 32:  Rock Elevation Averages 

 

Bore	
  # PT Elevation Bore	
  # PT Elevation Bore	
  # PT Elevation
B-­‐25 15 1159	
  4/5 B-­‐18 25 1170 B-­‐11 15 1170
B-­‐26 20 1162	
  1/2 B-­‐19 10 1170 B-­‐12 10 1170
B-­‐18 25 1170 B-­‐11 15 1170 B-­‐4 21 1170	
  1/2
B-­‐19 10 1170 B-­‐12 10 1170 B-­‐5 16 1170	
  1/2
AVE 17	
   1/2 1165	
  4/7 AVE 15 1170 AVE 15	
   1/2 1170	
  1/4

B-­‐26 20 1162	
  1/2 B-­‐19 10 1170 B-­‐12 10 1170
B-­‐27 15 1165 B-­‐20 15 1170 B-­‐13 25 1170
B-­‐19 10 1170 B-­‐12 10 1170 B-­‐5 16 1170	
  1/2
B-­‐20 15 1170 B-­‐13 25 1170 B-­‐6 7 1176
AVE 15 1166	
  7/8 AVE 15 1170 AVE 14	
   1/2 1171	
  5/8

B-­‐27 15 1165 B-­‐20 15 1170 B-­‐13 25 1170
B-­‐28 10 1168 B-­‐21 15 1170 B-­‐14 25 1170
B-­‐20 15 1170 B-­‐13 25 1170 B-­‐6 7 1176
B-­‐21 15 1170 B-­‐14 25 1170 B-­‐7 13 1173	
  1/2
AVE 13	
   3/4 1168	
  1/4 AVE 20 1170 AVE 17	
   1/2 1172	
  3/8

B-­‐28 10 1168 B-­‐21 15 1170 B-­‐14 25 1170
B-­‐29 7 1169 B-­‐22 2 1170	
  1/2 B-­‐15 9 1170
B-­‐21 15 1170 B-­‐14 25 1170 B-­‐7 13 1173	
  1/2
B-­‐22 2 1170	
  1/2 B-­‐15 9 1173 B-­‐8 8 1172	
  1/2
AVE 8	
   1/2 1169	
   3/8 AVE 12	
   3/4 1170	
   7/8 AVE 13	
   3/4 1171	
   1/2

B-­‐29 7 1169 B-­‐22 2 1170	
  1/2 B-­‐15 9 1170
B-­‐30 6 1170 B-­‐23 4 1171 B-­‐16 5 1173	
  1/2
B-­‐22 2 1170	
  1/2 B-­‐15 9 1173 B-­‐8 8 1172	
  1/2
B-­‐23 4 1171 B-­‐16 5 1173	
  1/2 B-­‐9 2 1174
AVE 4	
   3/4 1170	
  1/8 AVE 5 1172 AVE 6 1172	
  1/2
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Table 33:  Current Design Excavation Amounts 

 

  

1170
1176	
   5/6
1153	
   2/3
1152	
   2/3
1146	
   7/12
1150	
   1/2
1148	
   1/2

Ice	
  Melt	
  Pit	
  Elevation	
  Level	
  (ft)
Hydro	
  Pit	
  Elevation	
  Level	
  (ft)
Elevator	
  Elevation	
  Level	
  1	
  (ft)
Elevator	
  Elevation	
  Level	
  2	
  (ft)

Geotech	
  Report	
  Elevation	
  (ft)
Entrance	
  Elevation	
  (ft)
Excavation	
  Level	
  (ft)

Boring	
  Section
Ave	
  Boring	
  
Elevation

Ave	
  Rock	
  
Elevation

Sectional	
  
Area

Ave	
  Sect	
  Area	
  
Rock	
  Depth	
  
Below	
  1170

Rock	
  Above	
  
/Below	
  Exc	
  Lvl

Rock	
  Depth
to	
  be	
  Rmvd

CF	
  Rock
to	
  be	
  Rmvd

CY	
  Rock
to	
  be	
  Rmvd

Soil	
  Depth
to	
  be	
  Rmvd

CF	
  Soil
to	
  be	
  Rmvd

CY	
  Soil
to	
  be	
  Rmvd

B-­‐25,	
  26,	
  18,	
  19 1165	
   4/7 1152	
   1/2 8500 17	
   1/2 1	
   1/6 0 0 0 12 102000 3778
B-­‐25,	
  26,	
  32,	
  33 5100 12 61200 2267
B-­‐26,	
  27,	
  	
  19,	
  20 1166	
   7/8 1155 10000 15 -­‐1	
   1/3 2 20000 741 12 120000 4445
B-­‐26,	
  27,	
  33,	
  34 6000 -­‐1	
   1/3 2 12000 445 12 72000 2667
B-­‐27,	
  28,	
  20,	
  21 1168	
   1/4 1156	
   1/4 10000 13	
   3/4 -­‐2	
   7/12 3 30000 1112 12 120000 4445
B-­‐27,	
  28,	
  34,	
  35 6000 -­‐2	
   7/12 3 18000 667 12 72000 2667
Elevator	
  #3	
  Pit	
  Level	
  1 1156	
   1/4 296 13	
   3/4 -­‐5	
   3/4 4 1184 44 0 0 0
Elevator	
  #3	
  Pit	
  Level	
  2 1156	
   1/4 76 13	
   3/4 -­‐7	
   3/4 2 152 6 0 0 0
B-­‐28,	
  29,	
  21,	
  22 1169	
   3/8 1161	
   1/2 11000 8	
   1/2 -­‐7	
   5/6 8 88000 3260 8 88000 3260
B-­‐29,	
  30,	
  22,	
  23 1170	
   1/8 1165	
   1/4 12100 4	
   3/4 -­‐11	
   7/12 12 145200 5378 5 60500 2241
Elevator	
  #2	
  Pit	
  Level	
  1 1165	
   1/4 307 4	
   3/4 -­‐14	
   3/4 4 1228 46 0 0 0
Elevator	
  #2	
  Pit	
  Level	
  2 1165	
   1/4 64 4	
   3/4 -­‐16	
   3/4 2 128 5 0 0 0
B-­‐18,	
  19,	
  11,	
  12 1170 1155 8500 15 -­‐1	
   1/3 2 17000 630 15 127500 4723
B-­‐19,	
  20,	
  12,	
  13 1170 1155 10000 15 -­‐1	
   1/3 2 20000 741 15 150000 5556
B-­‐20,	
  21,	
  13,	
  14 1170 1150 10000 20 3	
   2/3 0 0 0 17 170000 6297
B-­‐21,	
  22,	
  14,	
  15 1170	
   7/8 1157	
   1/4 10000 12	
   3/4 -­‐3	
   7/12 4 40000 1482 14 140000 5186
B-­‐22,	
  23,	
  15,	
  16 1172 1165 11000 5 -­‐11	
   1/3 12 132000 4889 7 77000 2852
B-­‐11,	
  12,	
  4,	
  5 1170	
   1/4 1154	
   1/2 5625 15	
   1/2 -­‐ 5/6 1 5625 209 16 90000 3334
B-­‐12,	
  13,	
  5,	
  6 1171	
   5/8 1155	
   1/2 8500 14	
   1/2 -­‐1	
   5/6 2 17000 630 17 144500 5352
Ice	
  Melt	
  Sump 1155	
   1/2 353 14	
   1/2 -­‐2	
   5/6 1 353 14 0 0 0
B-­‐13,	
  14,	
  6,	
  7 1172	
   3/8 1152	
   1/2 8500 17	
   1/2 1	
   1/6 0 0 0 19 161500 5982
B-­‐14,	
  15,	
  7,	
  8 1171	
   1/2 1156	
   1/4 8500 13	
   3/4 -­‐2	
   7/12 3 25500 945 16 136000 5038
Hydro	
  Pit 1156	
   1/4 1170 13	
   3/4 -­‐9	
   2/3 8 9360 347 0 0 0
B-­‐15,	
  16,	
  8,	
  9 1172	
   1/2 1164 9350 6 -­‐10	
   1/3 11 102850 3810 9 84150 3117
Elevator	
  #1	
  Pit	
  Level	
  1 1164 266 6 -­‐13	
   1/2 4 1064 40 0 0 0
Elevator	
  #1	
  Pit	
  Level	
  2 1164 78 6 -­‐15	
   1/2 2 156 6 0 0 0

685580 25401 1976350 73207
CF CY CF CY

Total
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Table 34:  Event Level Raising Excavation Amounts 

 

 

1170
1176	
   5/6
1156	
   5/6
1155	
   5/6
1149	
   3/4
1153	
   2/3
1151	
   2/3

Ice	
  Melt	
  Pit	
  Elevation	
  Level	
  (ft)
Hydro	
  Pit	
  Elevation	
  Level	
  (ft)
Elevator	
  Elevation	
  Level	
  1	
  (ft)
Elevator	
  Elevation	
  Level	
  2	
  (ft)

Geotech	
  Report	
  Elevation	
  (ft)

Excavation	
  Level	
  (ft)
Main	
  Concourse	
  Elevation	
  (ft)

Boring	
  Section
Ave	
  Boring	
  
Elevation

Ave	
  Rock	
  
Elevation

Sectional	
  
Area

Ave	
  Sec	
  Area	
  
Rock	
  Depth	
  
Below	
  1170

Rock	
  Above	
  
/Below	
  Exc	
  Lvl

Rock	
  Depth
to	
  be	
  Rmvd

CF	
  Rock
to	
  be	
  Rmvd

CY	
  Rock
to	
  be	
  Rmvd

Soil	
  Depth
to	
  be	
  Rmvd

CF	
  Soil
to	
  be	
  Rmvd

CY	
  Soil
to	
  be	
  Rmvd

B-­‐25,	
  26,	
  18,	
  19 1165	
   4/7 1152	
   1/2 8500 17	
   1/2 4	
   1/3 0 0 0 9 76500 2834
B-­‐25,	
  26,	
  32,	
  33 5100 9 45900 1700
B-­‐26,	
  27,	
  	
  19,	
  20 1166	
   7/8 1155 10000 15 1	
   5/6 0 0 0 11 110000 4075
B-­‐26,	
  27,	
  33,	
  34 6000 11 66000 2445
B-­‐27,	
  28,	
  20,	
  21 1168	
   1/4 1156	
   1/4 10000 13	
   3/4 7/12 0 0 0 12 120000 4445
B-­‐27,	
  28,	
  34,	
  35 6000 12 72000 2667
Elevator	
  #3	
  Pit	
  Level	
  1 1156	
   1/4 296 13	
   3/4 -­‐2	
   7/12 3 888 33 0 0 0
Elevator	
  #3	
  Pit	
  Level	
  2 1156	
   1/4 76 13	
   3/4 -­‐4	
   7/12 2 152 6 0 0 0
B-­‐28,	
  29,	
  21,	
  22 1169	
   3/8 1161	
   1/2 11000 8	
   1/2 -­‐4	
   2/3 5 55000 2038 8 88000 3260
B-­‐29,	
  30,	
  22,	
  23 1170	
   1/8 1165	
   1/4 12100 4	
   3/4 -­‐8	
   5/12 9 108900 4034 5 60500 2241
Elevator	
  #2	
  Pit	
  Level	
  1 1165	
   1/4 307 4	
   3/4 -­‐11	
   7/12 4 1228 46 0 0 0
Elevator	
  #2	
  Pit	
  Level	
  2 1165	
   1/4 64 4	
   3/4 -­‐13	
   7/12 2 128 5 0 0 0
B-­‐18,	
  19,	
  11,	
  12 1170 1155 8500 15 1	
   5/6 0 0 0 14 119000 4408
B-­‐19,	
  20,	
  12,	
  13 1170 1155 10000 15 1	
   5/6 0 0 0 14 140000 5186
B-­‐20,	
  21,	
  13,	
  14 1170 1150 10000 20 6	
   5/6 0 0 0 14 140000 5186
B-­‐21,	
  22,	
  14,	
  15 1170	
   7/8 1157	
   1/4 10000 12	
   3/4 -­‐ 5/12 1 10000 371 14 140000 5186
B-­‐22,	
  23,	
  15,	
  16 1172 1165 11000 5 -­‐8	
   1/6 9 99000 3667 7 77000 2852
B-­‐11,	
  12,	
  4,	
  5 1170	
   1/4 1154	
   1/2 5625 15	
   1/2 2	
   1/3 0 0 0 14 78750 2917
B-­‐12,	
  13,	
  5,	
  6 1171	
   5/8 1155	
   1/2 8500 14	
   1/2 1	
   1/3 0 0 0 15 127500 4723
Ice	
  Melt	
  Sump 1155	
   1/2 353 14	
   1/2 1/3 0 0 0 1 353 14
B-­‐13,	
  14,	
  6,	
  7 1172	
   3/8 1152	
   1/2 8500 17	
   1/2 4	
   1/3 0 0 0 16 136000 5038
B-­‐14,	
  15,	
  7,	
  8 1171	
   1/2 1156	
   1/4 8500 13	
   3/4 7/12 0 0 0 15 127500 4723
Hydro	
  Pit 1156	
   1/4 1170 13	
   3/4 -­‐6	
   1/2 7 8190 304 1 1170 44
B-­‐15,	
  16,	
  8,	
  9 1172	
   1/2 1164 9350 6 -­‐7	
   1/6 8 74800 2771 9 84150 3117
Elevator	
  #1	
  Pit	
  Level	
  1 1164 266 6 -­‐10	
   1/3 4 1064 40 0 0 0
Elevator	
  #1	
  Pit	
  Level	
  2 1164 78 6 -­‐12	
   1/3 2 156 6 0 0 0

358286 13275 1810323 67061
CF CY CF CY

Total
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Seating Capacity & Price Points 

Table 35: Existing Seating Layout 
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Table 36:  Proposed Alternative Seating Layout 
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Table 37:  Price Comparisons 
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Sightline Sections 

Figure 121:  Student Section - Section "E" 

 

 

Figure 122:  Typical Section - Continuous Lower Bowl Seating 
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Two-Way Post-Tensioned Flat Plate Calculations 

Figure 123:  Constructability Review 
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Figure 124:  Two-Way PT Flat Plate - Tendon Layout 
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Table 38:  Two-Way PT Flat Plate Calculations 
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CFD Results 

 

Code 

Numerical	
  
Scheme	
   Grid	
  Size	
  

Turbulence	
  
model	
  

Computational	
  time	
  (24	
  
GB	
  RAM)	
  

Hybrid	
   81,46,31	
   K-­‐E	
   2:53	
  
 

Velocity  
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Concentration: 

 

The average room concentration was 1683.4 ppm.  This was calculated by taking 20 plane averages, 
nine in the Y-direction and 11 in the X-direction and averaging them together.  
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Calculated Ventilation 

Residual	
  Calculation	
  

Mass	
  
P1	
  Res	
  Sum	
   4.98E-­‐03	
  

R1	
  Pos	
  Sum	
   4.39E-­‐01	
  

Residual	
   1%	
  

Temperature	
  

Tem1	
  Res	
  Sum	
   5.75E+01	
  

Tem1	
  Pos	
  Sum	
   1.29E+05	
  

Residual	
   0.04%	
  

Concentration	
  	
  

C1	
  Res	
  Sum	
   4.12E+01	
  

C1	
  Pos	
  Sum	
   7.60E+02	
  

Residual	
   5%	
  
 

 

Numerical	
  
Scheme	
   Grid	
  Size	
  

Turbulence	
  
model	
  

Computational	
  time	
  
(24	
  GB	
  RAM)	
  

Hybrid	
   85,39,37	
   K-­‐E	
   3:03	
  
 

Velocity 
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Concentration 
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The average room concentration was 503.09 ppm.  This was calculated by taking 20 plane averages, 
nine in the Y-direction and 11 in the X-direction and averaging them together.  

Residual	
  Calculation	
  

Mass	
  
P1	
  Res	
  Sum	
   2.11E-­‐02	
  

R1	
  Pos	
  Sum	
   1.961443	
  

Residual	
   1.1%	
  

Temperature	
  

Tem1	
  Res	
  Sum	
   1.59E+02	
  

Tem1	
  Pos	
  Sum	
   5.77E+05	
  

Residual	
   0.03%	
  

Concentration	
  	
  

C1	
  Res	
  Sum	
   1.11E+02	
  

C1	
  Pos	
  Sum	
   1.03E+03	
  

Residual	
   10.7%	
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Ventilation Rate and Load comparison for the Men’s Locker Room  
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Event Level Raising Cost Impact 

Table 39:  Event Level Raising Overall Cost Breakdown 

Overhead & Profit Markup = 24.8% 
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Table 40:  Event Level Current Design Excavation Costs  

Overhead & Profit Markup = 24.8% 

 

Table 41:  Event Level Raising Excavation Costs 

Overhead & Profit Markup = 24.8% 

 

Table 42:  Event Level Current Design Steel Columns 

Equipment costs based on same crane used by Current Project Team - 200 Ton Hydraulic Crane 

Overhead & Profit Markup = 24.8% 

 

Size/Amt Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor	
  
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

10596 25 LF $0.00 $8.51 $0.00 $90,171.96 $22,362.65 $112,534.61
25401 108 CY $4.16 $2.87 $105,668.16 $72,900.87 $44,285.12 $222,854.15
25401 181 CY $0.00 $0.88 $0.00 $22,352.88 $5,543.51 $27,896.39
41912 79 CY $0.00 $3.24 $0.00 $135,794.88 $33,677.13 $169,472.01
73207 278 CY $0.00 $0.57 $0.00 $41,727.99 $10,348.54 $52,076.53
90703 79 CY $0.00 $3.24 $0.00 $293,877.72 $72,881.67 $366,759.39
91509 125 CY $0.00 $1.42 $0.00 $129,942.78 $32,225.81 $162,168.59
806 100 CY $0.00 $1.03 $0.00 $830.18 $205.88 $1,036.06

Total $105,668.16 $787,599.26 $1,114,797.74

Drilling	
  and	
  Blasting	
  of	
  Bedrock
Rock	
  Excavation	
  (drilling)	
  Most	
  work

25	
  CY	
  Dump	
  Truck	
  Hauling	
  3	
  miles	
  at	
  30	
  mph	
  (soil)
243	
  HP	
  Excavator	
  w/	
  3	
  CY	
  Bucket	
  Ave	
  Cond.	
  (soil)

Blasting	
  12'	
  x	
  12'	
  pattern

25	
  CY	
  Dump	
  Truck	
  Hauling	
  3	
  miles	
  at	
  30	
  mph	
  (rock)

12-­‐ton	
  3-­‐wheel	
  Compactor	
  for	
  Backfill
Front	
  Loader	
  (3	
  1/4	
  CY	
  bucket)

243	
  HP	
  Excavator	
  w/	
  3	
  CY	
  bucket	
  ave	
  cond	
  (rock)

Size/Amt Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor	
  
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

4584 25 LF $0.00 $8.51 $0.00 $39,009.84 $9,674.44 $48,684.28
13275 108 CY $4.16 $2.87 $55,224.00 $38,099.25 $23,144.17 $116,467.42
13275 181 CY $0.00 $0.88 $0.00 $11,682.00 $2,897.14 $14,579.14
21904 79 CY $0.00 $3.24 $0.00 $70,968.96 $17,600.30 $88,569.26
67061 278 CY $0.00 $0.57 $0.00 $38,224.77 $9,479.74 $47,704.51
83230 79 CY $0.00 $3.24 $0.00 $269,665.20 $66,876.97 $336,542.17
83827 125 CY $0.00 $1.42 $0.00 $119,034.34 $29,520.52 $148,554.86
597 100 CY $0.00 $1.03 $0.00 $614.91 $152.50 $767.41

Total $55,224.00 $587,299.27 $159,345.77 $801,869.04

25	
  CY	
  Dump	
  Truck	
  Hauling	
  3	
  miles	
  at	
  30	
  mph	
  (rock)

Front	
  Loader	
  (3	
  1/4	
  CY	
  bucket)

Blasting	
  12'	
  x	
  12'	
  pattern
243	
  HP	
  Excavator	
  w/	
  3	
  CY	
  bucket	
  ave	
  cond	
  (rock)

243	
  HP	
  Excavator	
  w/	
  3	
  CY	
  Bucket	
  Ave	
  Cond.	
  (soil)
25	
  CY	
  Dump	
  Truck	
  Hauling	
  3	
  miles	
  at	
  30	
  mph	
  (soil)

Rock	
  Excavation	
  (drilling)	
  Most	
  work
Drilling	
  and	
  Blasting	
  of	
  Bedrock

12-­‐ton	
  3-­‐wheel	
  Compactor	
  for	
  Backfill

Size Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

45 5/8 Ton $1,724.31 $607.75 $77,593.95 $27,348.53 $26,025.74 $130,968.22
19 5/11 Ton $2,045.61 $835.72 $38,866.59 $15,878.77 $13,576.85 $68,322.20
8 25/47 Ton $1,884.96 $714.68 $15,079.68 $5,717.45 $5,157.69 $25,954.82
34 5/8 Ton $1,724.31 $607.75 $58,626.54 $20,663.33 $19,663.89 $98,953.76
2 5/8 Ton $1,724.31 $607.75 $3,448.62 $1,215.49 $1,156.70 $5,820.81
7 5/8 Ton $1,724.31 $607.75 $12,070.17 $4,254.22 $4,048.45 $20,372.83
13 5/8 Ton $1,724.31 $607.75 $22,416.03 $7,900.69 $7,518.55 $37,835.26
1 5/11 Ton $2,045.61 $835.72 $2,045.61 $835.72 $714.57 $3,595.91
2 25/47 Ton $1,884.96 $714.68 $3,769.92 $1,429.36 $1,289.42 $6,488.70
47 25/47 Ton $1,884.96 $714.68 $88,593.12 $33,590.02 $30,301.42 $152,484.56
13 5/8 Ton $1,724.31 $607.75 $22,416.03 $7,900.69 $7,518.55 $37,835.26
6 5/8 Ton $2,559.69 $607.75 $15,358.14 $3,646.47 $4,713.14 $23,717.75
1 1/2 Ton $2,463.30 $759.73 $2,463.30 $759.73 $799.31 $4,022.34
1 1/2 Ton $2,463.30 $759.73 $2,463.30 $759.73 $799.31 $4,022.34

Total $365,211.00 $131,900.20 $123,283.58 $620,394.78

HSS8x8x1/2
HSS6x6x3/8
HSS4x4x3/8

W24x146

Steel	
  Columns
W24x176
W14x61
W14x74
W18x119
W12x136
W14x120
W14x145
W14x53
W14x68
W14x90
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Table 43:  Event Level Redesign Steel Columns 

Equipment costs based on HPR’s crane analysis (see Table 68 and 69 in Appendix G)  

– 150 Ton Hydraulic Crane 

Overhead & Profit Markup = 24.8% 

 

Table 44:  Event Level Current Design Steel Beams 

Equipment costs based on same crane used by Current Project Team - 200 Ton Hydraulic Crane	
  

Overhead & Profit Markup = 24.8% 

 

Size Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

46 5/8 Ton $1,724.31 $566.89 $79,318.26 $26,077.11 $26,138.05 $131,533.43
18 5/11 Ton $2,045.61 $779.55 $36,820.98 $14,031.97 $12,611.53 $63,464.48
10 25/47 Ton $1,884.96 $666.37 $18,849.60 $6,663.67 $6,327.29 $31,840.56
33 5/8 Ton $1,724.31 $566.89 $56,902.23 $18,707.49 $18,751.21 $94,360.94
2 5/8 Ton $1,724.31 $566.89 $3,448.62 $1,133.79 $1,136.44 $5,718.84
6 5/8 Ton $1,724.31 $566.89 $10,345.86 $3,401.36 $3,409.31 $17,156.53
12 5/8 Ton $1,724.31 $566.89 $20,691.72 $6,802.73 $6,818.62 $34,313.07
8 5/11 Ton $2,045.61 $779.55 $16,364.88 $6,236.43 $5,605.13 $28,206.44
2 25/47 Ton $1,884.96 $666.37 $3,769.92 $1,332.73 $1,265.46 $6,368.11
48 25/47 Ton $1,884.96 $666.37 $90,478.08 $31,985.60 $30,370.99 $152,834.67
2 25/47 Ton $1,884.96 $666.37 $3,769.92 $1,332.73 $1,265.46 $6,368.11
13 5/8 Ton $1,724.31 $566.89 $22,416.03 $7,369.62 $7,386.84 $37,172.49
6 5/8 Ton $2,559.69 $566.89 $15,358.14 $3,401.36 $4,652.36 $23,411.86
2 1/2 Ton $2,463.30 $708.67 $4,926.60 $1,417.33 $1,573.30 $7,917.23
2 1/2 Ton $2,463.30 $708.67 $4,926.60 $1,417.33 $1,573.30 $7,917.23

Total $388,387.44 $131,311.27 $128,885.28 $648,583.99

W14x99

HSS8x8x1/2
HSS6x6x3/8
HSS4x4x3/8

W24x146

W14x120
W14x145
W14x53
W14x68
W14x90

W12x136

Steel	
  Columns
W24x176
W14x61
W14x74
W18x119

Size Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

8 5/8 Ton $1,724.31 $607.75 $13,794.48 $4,861.96 $4,626.80 $23,283.24
1 5/14 Ton $3,105.90 $1,065.51 $3,105.90 $1,065.51 $1,034.51 $5,205.92
6 5/11 Ton $2,045.61 $835.72 $12,273.66 $5,014.35 $4,287.43 $21,575.43
1 5/14 Ton $3,105.90 $1,065.51 $3,105.90 $1,065.51 $1,034.51 $5,205.92
2 5/11 Ton $2,045.61 $835.72 $4,091.22 $1,671.45 $1,429.14 $7,191.81
8 5/11 Ton $2,045.61 $835.72 $16,364.88 $6,685.80 $5,716.57 $28,767.24
3 5/11 Ton $2,045.61 $835.72 $6,136.83 $2,507.17 $2,143.71 $10,787.72
1 5/11 Ton $2,045.61 $835.72 $2,045.61 $835.72 $714.57 $3,595.91
1 25/47 Ton $1,884.96 $715.68 $1,884.96 $715.68 $644.96 $3,245.60
72 5/11 Ton $2,045.61 $835.72 $147,283.92 $60,172.17 $51,449.11 $258,905.20
43 5/8 Ton $1,724.31 $607.75 $74,145.33 $26,133.04 $24,869.04 $125,147.41
129 5/8 Ton $1,724.31 $607.75 $222,435.99 $78,399.12 $74,607.11 $375,442.22
5 64/91 Ton $2,848.86 $540.69 $14,244.30 $2,703.43 $4,203.04 $21,150.77
9 5/8 Ton $2,559.69 $607.75 $23,037.21 $5,469.71 $7,069.72 $35,576.63
2 5/6 Ton $2,559.69 $456.23 $5,119.38 $912.47 $1,495.90 $7,527.74
16 5/8 Ton $2,559.69 $607.75 $40,955.04 $9,723.92 $12,568.38 $63,247.34

Total $590,024.61 $207,937.01 $197,894.48 $995,856.10

W30x173
2L6x6x3/4x3/4
HSS8x8x1/2
HSS10x10x1/2
HSS8x8x5/8

W30x148

Steel	
  &	
  Concrete
W30x108
W10x22
W10x33
W12x19
W12x30
W12x53
W16x40
W16x45
W16x67
W18x35
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Table 45:  Event Level Redesign Steel Beams 

Equipment costs based on HPR’s crane analysis (see Tables 68 and 69 in Appendix G)  

– 150 Ton Hydraulic Crane 

Overhead & Profit Markup = 24.8% 

 

Table 46:  Event Level Current Design of "To be Modified” Precast Stadia Dimensions 

Dimensions based on 12’ Sections of Precast Stadia 

 

Table 47:  Event Level Current Design of "To be Modified" Precast Stadia Cost 

Equipment costs based on using a 10,000 lb telehandler with 55’/42’ reach 

Overhead & Profit Markup = 24.8% 

 

Size Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

8 5/8 Ton $1,724.31 $566.89 $13,794.48 $4,535.15 $4,545.75 $22,875.38
5 5/14 Ton $3,105.90 $993.63 $15,529.50 $4,968.14 $5,083.42 $25,581.06
8 5/11 Ton $2,045.61 $779.55 $16,364.88 $6,236.43 $5,605.13 $28,206.44
3 5/11 Ton $2,045.61 $779.55 $6,136.83 $2,338.66 $2,101.92 $10,577.41
3 5/11 Ton $2,045.61 $779.55 $6,136.83 $2,338.66 $2,101.92 $10,577.41
1 5/11 Ton $2,045.61 $779.55 $2,045.61 $779.55 $700.64 $3,525.80
5 25/47 Ton $1,884.96 $667.37 $9,424.80 $3,336.83 $3,164.89 $15,926.52
72 5/11 Ton $2,045.61 $779.55 $147,283.92 $56,127.88 $50,446.13 $253,857.93
43 5/8 Ton $1,724.31 $566.89 $74,145.33 $24,376.43 $24,433.40 $122,955.16
129 5/8 Ton $1,724.31 $566.89 $222,435.99 $73,129.30 $73,300.19 $368,865.48
5 64/91 Ton $2,848.86 $504.28 $14,244.30 $2,521.38 $4,157.89 $20,923.57
9 5/8 Ton $2,559.69 $566.89 $23,037.21 $5,102.04 $6,978.54 $35,117.79
2 5/6 Ton $2,559.69 $425.52 $5,119.38 $851.03 $1,480.66 $7,451.08
16 5/8 Ton $2,559.69 $566.89 $40,955.04 $9,070.30 $12,406.28 $62,431.63
7 5/11 Ton $2,045.61 $779.55 $14,319.27 $5,456.88 $4,904.48 $24,680.63
3 5/11 Ton $2,045.61 $779.55 $6,136.83 $2,338.66 $2,101.92 $10,577.41

Total $617,110.20 $203,507.35 $203,513.15 $1,024,130.70

Steel	
  &	
  Concrete
W30x108
W10x22

W16x31
W10x33

W16x40
W16x45
W24x94
W18x35
W30x148
W30x173
2L6x6x3/4x3/4
HSS8x8x1/2

W8x31
W16x57

HSS10x10x1/2
HSS8x8x5/8

Area	
  (L	
  x	
  Rise) Thick PSF Wt Tons Ton/Section
General	
  Public	
  -­‐	
  Riser	
  14 18 0.5 78 34723	
  1/8 17	
  1/3 1
General	
  Public	
  -­‐	
  Riser	
  Wall 44	
  1/2 0.75 118.5 56702	
  4/9 28	
  1/3 1
General	
  Public	
  -­‐14	
  Riser	
  NE 12 0.5 78 2856	
  3/4 1	
  3/7 1
General	
  Public	
  -­‐	
  14	
  NE	
  Wall 44	
  3/4 0.5 78 2184 1 1
Lower	
  Student	
  -­‐	
  Riser	
  9 57 1 159 20399	
  5/7 10	
  1/5 1

#	
  12'	
  Sect Unit/Hr
Material	
  Cost

per	
  Unit
	
  Equip/Labor	
  
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

38 2.72 $396.90 $195.46 $15,082.20 $7,427.48 $5,582.40 $28,092.08
40 2.72 $981.23 $195.46 $39,249.00 $7,818.40 $11,672.72 $58,740.12
4 2.72 $264.60 $195.46 $1,058.40 $781.84 $456.38 $2,296.62
3 2.72 $986.74 $195.46 $2,960.21 $586.38 $879.55 $4,426.15
11 2.72 $1,256.85 $195.46 $13,825.35 $2,150.06 $3,961.90 $19,937.31

Total $72,175.16 $18,764.16 $22,552.95 $113,492.27

Baseline	
  Stadia
Lower	
  Gen	
  Public	
  Bowl	
  -­‐	
  Riser	
  14
Lower	
  Gen	
  Public	
  Bowl	
  -­‐	
  Riser	
  Wall

Lower	
  Student	
  Section	
  -­‐	
  Riser	
  9

Lower	
  Gen	
  Public	
  Bowl	
  -­‐	
  Riser	
  14	
  NE
Lower	
  Gen	
  Public	
  Bowl	
  -­‐	
  14	
  NE	
  Wall
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Table 48:  Event Level Redesign of "Modified" Precast Stadia Dimensions 

Dimensions based on 12’ Sections of Precast Stadia 

 

Table 49:  Event Level Redesign of "Modified" Precast Stadia Cost 

Equipment costs based on using a 10,000 lb telehandler with 55’/42’ reach 

Overhead & Profit Markup = 24.8% 

 

Table 50:  Event Level Current Design of "To be Modified" Arena Seating 

Overhead & Profit Markup = 24.8% 

 

Table 51:  Event Level Redesign of "Modified" Arena Seating 

Overhead & Profit Markup = 24.8% 

 

 

Area	
  (L	
  x	
  Rise) Thick PSF Wt Tons Ton/Section
Basic	
  Riser 2	
  1/3
General	
  Public	
  -­‐	
  Riser	
  14 28 0.5 78 30662	
  5/6 15	
  1/3 1
General	
  Public	
  -­‐	
  Riser	
  15 28	
  1/4 0.5 78 26080	
  2/3 13 1
General	
  Public	
  -­‐	
  Riser	
  16 28	
  1/2 0.5 78 26441	
  3/8 13	
  2/9 1
General	
  Public	
  -­‐	
  Riser	
  17 18 0.5 78 26872	
  1/7 13	
  3/7 1
Lower	
  Student	
  Riser	
  9	
  L&R 57 1 159 14712	
  1/4 7	
  1/3 1
Lower	
  Student	
  Riser	
  9	
  Mid 22 1 78 2790	
  2/3 1	
  2/5 1
Lower	
  Student	
  Riser	
  10 22 1 78 3634	
  4/5 1	
  4/5 1
Lower	
  Student	
  Riser	
  11 22 1 78 3691	
  3/4 1	
  5/6 1
Lower	
  Student	
  Riser	
  12 6 1 78 3753	
  3/4 1	
  7/8 1

Quantity Unit/Hr
Material	
  Cost

per	
  Unit
	
  Equip/Labor	
  
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

33 2.72 $617.40 $195.46 $20,374.20 $6,450.18 $6,652.45 $33,476.83
28 2.72 $622.91 $195.46 $17,441.55 $5,472.88 $5,682.78 $28,597.21
29 2.72 $628.43 $195.46 $18,224.33 $5,668.34 $5,925.38 $29,818.05
29 2.72 $396.90 $195.46 $11,510.10 $5,668.34 $4,260.25 $21,438.69
8 2.72 $1,256.85 $195.46 $10,054.80 $1,563.68 $2,881.38 $14,499.86
3 2.72 $485.10 $195.46 $1,455.30 $586.38 $506.34 $2,548.02
4 2.72 $485.10 $195.46 $1,940.40 $781.84 $675.12 $3,397.36
4 2.72 $485.10 $195.46 $1,940.40 $781.84 $675.12 $3,397.36
4 2.72 $132.30 $195.46 $529.20 $781.84 $325.14 $1,636.18

Total $83,470.28 $27,755.32 $27,583.95 $138,809.54

Lower	
  Student	
  Section	
  -­‐	
  Riser	
  9	
  L	
  &	
  R
Lower	
  Student	
  Section	
  -­‐	
  Riser	
  9	
  Mid
Lower	
  Student	
  Section	
  -­‐	
  Riser	
  10
Lower	
  Student	
  Section	
  -­‐	
  Riser	
  11

Redesign	
  Stadia
Lower	
  Gen	
  Public	
  Bowl	
  -­‐	
  Riser	
  14
Lower	
  Gen	
  Public	
  Bowl	
  -­‐	
  Riser	
  15
Lower	
  Gen	
  Public	
  Bowl	
  -­‐	
  Riser	
  16
Lower	
  Gen	
  Public	
  Bowl	
  -­‐	
  Riser	
  17

Lower	
  Student	
  Section	
  -­‐	
  Riser	
  12

Seats Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

23 22	
   2/9 Each $16.49 $4.38 $379.27 $100.74 $119.04 $599.05
73 4	
  38/53 Each $196.88 $20.65 $14,372.24 $1,507.45 $3,938.16 $19,817.85
20 6	
  14/31 Each $100.31 $15.10 $2,006.20 $302.00 $572.43 $2,880.63

Total $16,757.71 $1,910.19 $4,629.64 $23,297.54

Baseline	
  Seating
10"	
  Student	
  Bleacher	
  Bench	
  Per	
  18"	
  Seat
36"	
  Loge	
  Suite	
  Seat	
  -­‐	
  Economy
19"	
  Molded	
  Plastic	
  Chair	
  -­‐	
  Wheel	
  chair	
  Companion

Seats Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

277 6	
  14/31 Each $100.31 $15.10 $27,785.87 $4,182.70 $7,928.21 $39,896.78
Total $27,785.87 $4,182.70 $7,928.21 $39,896.78

19"	
  Molded	
  Plastic	
  Chair	
  -­‐	
  Arena
Redesign	
  Seating
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Table 52:  Event Level Current Design Concrete Arena Steps 

Overhead & Profit Markup = 24.8% 

 

Table 53:  Event Level Redesign Concrete Arena Steps 

Overhead & Profit Markup = 24.8% 

 

Event Level Raising Schedule Impact 

Table 54:  Current Design Excavation Workdays 

 

 

Baseline	
  Arena	
  Steps
Concrete
Vol	
  (CY)

Concrete
Material

Concrete
Labor

Synth	
  Fibers
(lbs)

Syn	
  Fibers
Material

Formwork
(SF)

Formwork
Labor

Total	
  
Material

Total	
  
Labor O&P Total

Gen	
  Pub	
  -­‐	
  Lower	
  Bowl	
  Stairs 54.498 $84.36 $8.95 81.7 $8.02 490.5 $8.62 $5,253.06 $4,715.71 $2,472.26 $12,441.03
Gen	
  Pub	
  -­‐	
  NE	
  Entry	
  Lobby	
  Stair 7.842 $84.36 $8.95 11.8 $8.02 70.6 $8.62 $755.89 $678.57 $355.75 $1,790.20
Student	
  -­‐	
  Lower	
  Bowl	
  Stairs 8.66 $84.36 $8.95 13.0 $8.02 77.9 $8.62 $834.74 $749.35 $392.85 $1,976.94

Total $6,843.69 $6,143.63 $3,220.86 $16,208.18

Redesign	
  Arena	
  Steps
Concrete
Vol	
  (CY)

Concrete
Material

Concrete
Labor

Synth	
  Fibers
(lbs)

Syn	
  Fibers
Material

Formwork
(SF)

Formwork
Labor

Total	
  
Material

Total	
  
Labor O&P Total

Gen	
  Pub	
  -­‐	
  Lower	
  Bowl	
  Stairs 32.307 $84.36 $8.95 48.5 $8.02 290.8 $8.62 $3,114.07 $2,795.52 $1,465.58 $7,375.18
Gen	
  Pub	
  -­‐	
  Upper	
  Bowl	
  Stairs 9.8 $84.36 $8.95 14.7 $8.02 88.2 $8.62 $944.62 $847.99 $444.57 $2,237.18
Student	
  -­‐	
  Lower	
  Bowl	
  Stairs 4.833 $84.36 $8.95 7.2 $8.02 43.5 $8.62 $465.85 $418.20 $219.24 $1,103.30

Total $4,524.55 $4,061.72 $2,129.39 $10,715.66

356
25

Overall	
  Days	
  (44,000	
  CY	
  Rock)
Schedule	
  Event	
  Lvl	
  Only	
  (based	
  on	
  35	
  days)

Size/Amt Unit/Hr Unit Crew Hours Hrs/Shift Daily	
  Output Shifts/Day Days
10596 25 LF S1 424 8 200 2 26	
   1/2
25401 108 CY C1 236 5 540 1 47	
   1/5
25401 181 CY OE 141 8 1448 2 8	
  13/16
41912 79 CY TD 531 8 632 2 33	
   3/16
73207 278 CY OE 264 8 2224 2 16	
   1/2
90703 79 CY TD 1149 8 632 2 71	
  13/16
91509 125 CY S1 733 8 1000 2 45	
  13/16
806 100 CY HX 8 8 800 2 1/2
6702 167 CY GK 41 8 1336 2 2	
   9/16

Total 253
Grading	
  &	
  Compacting	
  w/	
  300	
  HP	
  Dozer

25	
  CY	
  Dump	
  Truck	
  Hauling	
  3	
  miles	
  at	
  30	
  mph	
  (soil)
243	
  HP	
  Excavator	
  w/	
  3	
  CY	
  Bucket	
  Ave	
  Cond.	
  (soil)
25	
  CY	
  Dump	
  Truck	
  Hauling	
  3	
  miles	
  at	
  30	
  mph	
  (rock)
243	
  HP	
  Excavator	
  w/	
  3	
  CY	
  bucket	
  ave	
  cond	
  (rock)

12-­‐ton	
  3-­‐wheel	
  Compactor	
  for	
  Backfill
Front	
  Loader	
  (3	
  1/4	
  CY	
  bucket)

Drilling	
  and	
  Blasting	
  of	
  Bedrock
Rock	
  Excavation	
  (drilling)	
  Most	
  work
Blasting	
  12'	
  x	
  12'	
  pattern
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Table 55:  Event Level Raising Excavation Workdays 

 

 

 

356
18Schedule	
  Event	
  Lvl	
  Only	
  (based	
  on	
  35	
  days)

Overall	
  Days	
  (44,000	
  CY	
  Rock)

Size/Amt Unit/Hr Unit Crew Hours Hours/Shift Daily	
  Output Shifts/Day Days
4584 25 LF S1 184 8 200 2 11	
   1/2
13275 108 CY C1 123 5 540 1 24	
   3/5
13275 181 CY OE 74 8 1448 2 4	
   5/8
21904 79 CY TD 278 8 632 2 17	
   3/8
67061 278 CY OE 242 8 2224 2 15	
   1/8
83230 79 CY TD 1054 8 632 2 65	
   7/8
83827 125 CY S1 671 8 1000 2 41	
  15/16
597 100 CY HX 8 8 800 2 1/2
6702 167 CY GK 41 8 1336 2 2	
   9/16

Total 185
Grading	
  &	
  Compacting	
  w/	
  300	
  HP	
  Dozer

Drilling	
  and	
  Blasting	
  of	
  Bedrock	
  -­‐	
  Everything
Rock	
  Excavation	
  (drilling)	
  Most	
  work
Blasting	
  12'	
  x	
  12'	
  pattern
243	
  HP	
  Excavator	
  w/	
  3	
  CY	
  bucket	
  ave	
  cond	
  (rock)

Front	
  Loader	
  (3	
  1/4	
  CY	
  bucket)
12-­‐ton	
  3-­‐wheel	
  Compactor	
  for	
  Backfill

25	
  CY	
  Dump	
  Truck	
  Hauling	
  3	
  miles	
  at	
  30	
  mph	
  (rock)
243	
  HP	
  Excavator	
  w/	
  3	
  CY	
  Bucket	
  Ave	
  Cond.	
  (soil)
25	
  CY	
  Dump	
  Truck	
  Hauling	
  3	
  miles	
  at	
  30	
  mph	
  (soil)
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APPENDIX G:  Main Arena Roof System 

Structural Loads 

Snow Loads – Flat Roof Snow Load and Drifting 

Table 56:  Flat Roof Snow Load Calculations 

Flat	
  Roof	
  Snow	
  Load	
  Calculations	
  

Variable	
   Value	
   Code	
  

Ground	
  Snow	
  Load	
  -­‐	
  pg	
  (psf)	
   40.0	
   Adopted	
  per	
  State	
  College	
  Amendment	
  A,	
  Section	
  103	
  

Exposure	
  Factor	
  -­‐	
  Ce	
   1.0	
   ASCE	
  7-­‐10	
  Table	
  7-­‐2	
  -­‐	
  Fully	
  Exposed	
  

Temperature	
  Factor	
  -­‐	
  Ct	
   1.1	
   ASCE	
  7-­‐10	
  Table	
  7-­‐3	
  -­‐	
  Struct.	
  Kept	
  Right	
  Above	
  Freezing	
  
Importance	
  Factor	
  -­‐	
  I	
   1.1	
   ASCE	
  7-­‐10	
  Table	
  7-­‐4	
  -­‐	
  Building	
  Category	
  III	
  
Flat	
  Roof	
  Snow	
  Load	
  -­‐	
  pf	
  (psf)	
  
	
   36.0	
   Used	
  per	
  FM	
  Global	
  Plan	
  Review	
  No.	
  122327	
  dated	
  4/13/11	
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Table 57:  Summary of Snow Drift Load Calculations 

Snow	
  Drift	
  Load	
  Calculations	
  

Roof	
  Level	
  
Windward	
   Leeward	
  

Lu	
  (ft)	
   hd	
  (ft)	
   pd	
  (psf)	
   wd	
  (ft)	
   Lu	
  (ft)	
   hd	
  (ft)	
   pd	
  (psf)	
   wd	
  (ft)	
  

Low	
   28.00	
   1.50	
   29.00	
   6.00	
   28.00	
   5.00	
   96.00	
   20.00	
  

Wind Calculations 

Table 58:  General Wind Load Design Criteria 

General	
  Wind	
  Load	
  Design	
  Criteria	
  

Design	
  Wind	
  Speed	
   120	
  mph	
   ASCE	
  7-­‐10	
  (Fig.	
  26.5.1)	
  

Exposure	
  Category	
   C	
   ASCE	
  7-­‐10	
  (Fig.	
  26.7.3)	
  

Importance	
  Factor	
  (Iw)	
   1.15	
   ASCE	
  7-­‐10	
  (Table	
  1.5-­‐2)	
  

Topographic	
  Factor	
  (Kzt)	
   1.00	
   ASCE	
  7-­‐10	
  (26.8	
  &	
  Table	
  2.8-­‐1)	
  

Internal	
  Pressure	
  Coefficient	
  (Gcpi)	
   ±0.18	
   ASCE	
  7-­‐10	
  -­‐	
  Enclosed	
  

 

Table 59:  Velocity Pressure Coefficients 

Velocity	
  Pressure	
  Coefficients	
  (Kz)	
  and	
  Velocity	
  Pressure	
  (qz)	
  

Level	
   Elevation	
  (ft)	
   Kz	
   qz	
  (psf)	
  

Event	
  Level	
   0.00	
   0.85	
   26.63	
  
Main	
  Concourse	
   17.65	
   0.877	
   27.46	
  

Club	
  Level	
   37.31	
   1.02	
   32.08	
  

Low	
  Roof	
   53.52	
   1.1	
   34.59	
  

High	
  Roof	
   67.52	
   1.16	
   36.44	
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Seismic Design Loads & Results 
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Long Span Truss Design 

Table 60:  Design Criteria for Trusses X8 & X9 - Scoreboard Rigging 

 

Table 61:  Design Criteria for Trusses X4 & X13 - Worse Case Span (End) 
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Table 62:  Member Sizing - Trusses Along X8 & X9 - Scoreboard Rigging 
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Table 63:  Member Sizing - Worst Case Scenario Truss 
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Combined Loading Calculations 
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Mechanical Load 
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Structural Detailed Cost Estimates – High Roof System Members Only 

Table 64:  Notre Dame Case Study - Truss System Estimate 
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Table 65:  Boston University Case Study - Truss System Estimate 
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Table 66:  Existing Design Penn State Ice Arena - Truss System Estimate 

 

 

 

 

 



HPR Integrated Design 

BIM THESIS PROPOSAL 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA 241 

 

Table 67:  HPR's Proposed Design - Truss System Estimate 

 

Crane Analysis 

Table 68:  Overall Redesign Crane Analysis 

Analysis is based on using the current project team’s method versus HPR’s method for the redesigned 
steel in the whole arena 

Overhead & Profit Markup = 24.8% 

 

Material Labor/Equip O&P Total
Trusses	
  -­‐	
  150	
  Ton,	
  40	
  Ton,	
  with	
  Shoring -­‐$271,989.69 -­‐$36,652.64 -­‐$76,543.30 -­‐$385,185.63
Arena	
  Steel	
  -­‐	
  150	
  Ton -­‐$50,262.03 $69,740.79 $4,830.73 $24,309.49
Catwalk	
  -­‐	
  150	
  Ton $34,305.49 $9,360.67 $10,829.21 $54,495.37

Total -­‐$287,946.23 $42,448.82 -­‐$60,883.36 -­‐$306,380.77

Baseline	
  Method
Trusses	
  -­‐	
  200	
  Ton,	
  300	
  Ton,	
  No	
  Shoring -­‐$271,989.69 -­‐$112,401.17 -­‐$95,328.93 -­‐$479,719.80
Arena	
  Steel	
  -­‐	
  200	
  Ton -­‐$50,262.03 $8,822.34 -­‐$10,277.04 -­‐$51,716.73
Catwalk	
  -­‐	
  200	
  Ton $34,305.49 $7,514.16 $10,371.27 $52,190.92

Total -­‐$287,946.23 -­‐$96,064.67 -­‐$95,234.70 -­‐$479,245.61

Difference $0.00 $138,513.49 $34,351.35 $172,864.84
36.07%

HPR	
  Method
Design	
  Difference	
  (+/-­‐)
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Table 69:  Redesign Roof System Baseline vs. HPR's Method - Crane Analysis 

Analysis is based on using the current project team’s method versus HPR’s method for new roof system 
steel and truss erection 

Overhead & Profit Markup = 24.8% 

 

 

Crane Cut Sheets 

Figure 125:  Grove TM9150 - 150-Ton Hydraulic Crane 

Figures are referenced from load charts found in document  

http://www.bigge.com/crane-charts/truck-crane-charts/Grove-TM9150_NA_CS.pdf  

 

Material Labor/Equip O&P
Trusses -­‐$271,989.69 -­‐$30,477.56 -­‐$75,011.88 -­‐$377,479.13 -­‐25.01%
Shoring	
  Towers $0.00 -­‐$6,175.08 -­‐$1,531.42 -­‐$7,706.50
Catwalk $34,305.49 $9,360.67 $10,829.21 $54,495.37 19.22%
Roofs -­‐$116,259.91 -­‐$42,258.22 -­‐$39,312.50 -­‐$197,830.63 -­‐13.74%

Total -­‐$353,944.11 -­‐$69,550.19 -­‐$105,026.59 -­‐$528,520.89 -­‐16.35%

Baseline	
  Method
Trusses -­‐$271,989.69 -­‐$112,401.92 -­‐$95,329.12 -­‐$479,720.73 -­‐31.78%
Catwalk $34,305.49 $9,360.67 $10,829.21 $54,495.37 19.22%
Roofs -­‐$116,259.91 -­‐$42,258.22 -­‐$39,312.50 -­‐$197,830.63 -­‐13.74%

Total -­‐$353,944.11 -­‐$145,299.47 -­‐$123,812.41 -­‐$623,055.99 -­‐19.28%

Difference $0.00 $75,749.28 $18,785.82 $94,535.10 15.17%

HPR	
  Method
Design	
  Difference	
  (+/-­‐)

Total	
  (%)
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Figure 126:  Grove TM500 - 40-Ton Hydraulic Crane 

Figures are referenced from load charts found in document  

http://www.bigge.com/crane-charts/truck-crane-charts/Grove-TM500E-2_Product_Guide.pdf 
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Main Arena Roof System Cost Impact 

Table 70:  Main Arena Roof System Cost Breakdown 

Overhead & Profit Markup = 24.8% 

 

Table 71:  Roof System Current Design - End Truss Size 

 

Table 72:  Roof System Current Design - Inside Truss Size 

 

 	
  

Material	
  Cost Labor/Equip O&P Total	
  Cost Material	
  Cost Labor/Equip O&P Total	
  Cost Material Labor/Equip O&P
Trusses $932,356.53 $277,032.71 $299,928.53 $1,509,317.77 $1,204,346.22 $307,510.27 $374,940.41 $1,886,796.90 -­‐$271,989.69 -­‐$30,477.56 -­‐$75,011.88 -­‐$377,479.13 -­‐25.01%
Shoring	
  Towers $4,543.56 $1,631.52 $1,531.42 $7,706.50 -­‐$4,543.56 -­‐$1,631.52 -­‐$1,531.42 -­‐$7,706.50
Catwalk $169,866.84 $57,297.54 $56,336.77 $283,501.15 $135,561.35 $47,936.87 $45,507.56 $229,005.78 $34,305.49 $9,360.67 $10,829.21 $54,495.37 19.22%
Roofs $781,075.14 $372,307.61 $286,038.92 $1,439,421.67 $897,335.05 $414,565.83 $325,351.42 $1,637,252.30 -­‐$116,259.91 -­‐$42,258.22 -­‐$39,312.50 -­‐$197,830.63 -­‐13.74%

Total $1,883,298.51 $706,637.86 $642,304.22 $3,232,240.59 $2,241,786.18 $771,644.49 $747,330.81 $3,760,761.48 -­‐$358,487.67 -­‐$65,006.63 -­‐$105,026.59 -­‐$528,520.89 -­‐16.35%

Item
Baseline Redesign Difference	
  (+/-­‐)

Total	
  (%)

Weight Length Total	
  Wt
W14	
  x	
  61 61 146.751 8951.811
W14	
  x	
  99 99 196.002 19404.198
W14	
  x	
  132 132 196.066 25880.712
W24	
  x	
  146 146 41.604 6074.184
2L8	
  x	
  8	
  x	
  1/2 53.4 250.928 13399.5552

73711
37
377
126

En
d	
  
Tr
us
s

Total	
  Weight	
  (lbs)
Total	
  Weight	
  (Tons)

Weight/LF
Up	
  to	
  100	
  ft	
  Span

Weight Length Total	
  Wt
W14	
  x	
  61 61 35.182 2146.102
W14	
  x	
  109 109 120.002 13080.218
W14	
  x	
  145 145 76.025 11023.625
W14	
  x	
  132 132 196.041 25877.412
2L8x8x5/8 66 35.697 2356.002
2L5x5x3/8 24.8 69.883 1733.0984
2L6x4x3/8	
  LLBB 24.6 145.36 3575.856
2L6x6x1/2 39.3 41.345 1624.8585
2L8x6x1/2	
  LLBB 46.3 69.231 3205.3953

64623
33
330
110

In
si
de

	
  T
ru
ss

Total	
  Weight	
  (lbs)
Total	
  Weight	
  (Tons)

Weight/LF
Up	
  to	
  100	
  ft	
  Span
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Table 73:  Roof System Current Design - Trusses & Purlins 

Equipment costs based on same cranes used by Current Project Team  

- 200 Ton & 300 Ton Hydraulic Cranes 

Overhead & Profit Markup = 24.8% 

 

Table 74:  Roof System Redesign Truss Size 

 

Table 75:  Roof System Redesign Trusses & Purlins 

Equipment costs based on HPR’s crane analysis (see Table 68 and 69 in Appendix G)  

– 150 Ton & 40 Ton Hydraulic Crane 

Overhead & Profit Markup = 24.8% 

 

Quantity Size Unit/Hr Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor	
  
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

6 12	
  1/3 1	
   1/9 Ton $2,278.50 $546.18 $168,609.00 $40,417.51 $51,838.57 $260,865.08
4 $45.57 $182.28 $0.00 $45.21 $227.49
4 3 1	
  17/33 LF $82.17 $0.00 $986.04 $244.54 $1,230.58
18 11 1	
   1/9 Ton $2,278.50 $546.18 $451,143.00 $108,144.14 $138,703.21 $697,990.35
16 $45.57 $729.12 $0.00 $180.82 $909.94
16 3 1	
  17/33 LF $82.17 $0.00 $3,944.16 $978.15 $4,922.31

18 25/47 Ton $1,884.96 $812.30 $33,929.28 $14,621.36 $12,040.56 $60,591.20
22 5/11 Ton $2,045.61 $948.05 $45,003.42 $20,857.13 $16,333.42 $82,193.96
12 5/11 Ton $2,045.61 $948.05 $24,547.32 $11,376.61 $8,909.14 $44,833.07
23 5/11 Ton $2,045.61 $948.05 $47,049.03 $21,805.18 $17,075.84 $85,930.05
27 5/11 Ton $2,045.61 $948.05 $55,231.47 $25,597.38 $20,045.56 $100,874.41
21 1	
   1/4 Ton $2,067.03 $345.25 $43,407.63 $7,250.18 $12,563.14 $63,220.94
23 5/8 Ton $1,724.31 $689.44 $39,659.13 $15,857.06 $13,768.01 $69,284.20
5 5/8 Ton $1,724.31 $689.44 $8,621.55 $3,447.19 $2,993.05 $15,061.78
5 64/91 Ton $2,848.86 $545.76 $14,244.30 $2,728.78 $4,209.32 $21,182.41

Total $932,356.53 $277,032.71 $299,928.53 $1,509,317.77

W14	
  x	
  38	
  -­‐	
  Brace

Baseline	
  Trusses
Built-­‐Up	
  End	
  Truss	
  (50-­‐100'	
  Span)
End	
  Truss	
  On-­‐Site	
  Butt-­‐Weld	
  1/2"	
  -­‐	
  Material
End	
  Truss	
  On-­‐Site	
  Butt-­‐Weld	
  1/2"	
  -­‐	
  Labor
Built-­‐Up	
  Inside	
  Truss	
  (50-­‐100'	
  Span)
End	
  Truss	
  On-­‐Site	
  Butt-­‐Weld	
  1/2"	
  -­‐	
  Material
End	
  Truss	
  On-­‐Site	
  Butt-­‐Weld	
  1/2"	
  -­‐	
  Labor
W14	
  x	
  74	
  -­‐	
  Brace
W14	
  x	
  61	
  -­‐	
  Brace
W14	
  x	
  30	
  -­‐	
  Brace

W14	
  x	
  43	
  -­‐	
  Brace
2L8	
  x	
  8	
  x	
  3/4	
  x	
  3/4	
  -­‐	
  Angle
W24	
  x	
  176	
  -­‐	
  Column
W24	
  x	
  146	
  -­‐	
  Column
2L6x6x1/2x3/4	
  -­‐	
  Angle

Truss Weight Length Total	
  Wt
W14	
  x	
  68 68 79.875 5431.5
W14	
  x	
  43 43 271.647 11680.821
W14	
  x	
  53 53 76.146 4035.738
W27	
  x	
  146 146 248.7 36310.2
W24	
  x	
  117 117 76 8892
W8	
  x	
  18 18 412.604 7426.872

73778
37
377
126

Total	
  Weight	
  (Tons)
Weight/LF

Up	
  to	
  100	
  ft	
  Span

Total	
  Weight	
  (lbs)

Quantity Size Unit/Hr Unit
Material	
  Cost

per	
  Unit

	
  
Equip/Lab
or	
  per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

24 12	
  1/3 1	
   1/4 Ton $2,278.50 $403.25 $674,436.00 $119,361.58 $196,861.80 $990,659.38
16 $45.57 $729.12 $0.00 $180.82 $909.94
16 4	
  1/3 1	
  17/33 LF $82.17 $0.00 $5,697.12 $1,412.89 $7,110.01

39 25/47 Ton $1,724.31 $566.89 $67,248.09 $22,108.86 $22,160.52 $111,517.47
118 5/11 Ton $1,884.96 $666.37 $222,425.28 $78,631.27 $74,662.02 $375,718.57
6 64/91 Ton $2,848.86 $504.28 $17,093.16 $3,025.65 $4,989.47 $25,108.28
6 23/98 Ton $3,502.17 $1,510.99 $21,013.02 $9,065.96 $7,459.59 $37,538.56
73 5/11 Ton $1,884.96 $666.37 $137,602.08 $48,644.77 $46,189.22 $232,436.07
31 5/8 Ton $1,724.31 $566.89 $53,453.61 $17,573.71 $17,614.77 $88,642.09
6 5/8 Ton $1,724.31 $566.89 $10,345.86 $3,401.36 $3,409.31 $17,156.53

Total $1,204,346.22 $307,510.27 $374,940.41 $1,886,796.91
W24	
  x	
  146	
  -­‐	
  Column

Trusses
Built	
  Up	
  End	
  Truss	
  (50-­‐100'	
  Span,	
  120	
  lb/ft)
End	
  Truss	
  On-­‐Site	
  Butt-­‐Weld	
  1/2"	
  -­‐	
  Material
End	
  Truss	
  On-­‐Site	
  Butt-­‐Weld	
  1/2"	
  -­‐	
  Labor

W14	
  x	
  82
2L6	
  x	
  6	
  x	
  1/2	
  x	
  3/4

W24	
  x	
  162

2L5	
  x	
  3	
  1/2	
  x	
  3/8	
  x	
  3/8	
  LLBB
W14	
  x	
  99
W24	
  x	
  176	
  -­‐	
  Column
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Table 76:  Roof System Redesign Shoring 

Overhead & Profit Markup = 24.8% 

 

Table 77:  Roof System Current Design Catwalk 

Equipment costs based on same cranes used by Current Project Team – 200 Ton Hydraulic Crane 

Overhead & Profit Markup = 24.8% 

 

Table 78:  Roof System Redesign Catwalk 

Equipment costs based on HPR’s crane analysis (see Table 68 and 69 in Appendix G)  

– 150 Ton Hydraulic Crane 

Overhead & Profit Markup = 24.8% 

 

 

 

 

 

 

 

 

Quantity Duration Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost O&P Total	
  Cost

88 3	
   1/2 Month $12.81 $3,945.48 $978.48 $4,923.96
88 $10.28 $904.64 $224.35 $1,128.99
88 $8.26 $726.88 $180.27 $907.15
32 3	
   1/2 Month $5.34 $598.08 $148.32 $746.40

Total $4,543.56 $1,631.52 $1,531.42 $7,706.50

Redesign	
  -­‐	
  Shoring
Truss	
  2'w	
  x	
  5'h	
  Shoring
Erecting	
  Each	
  Frame
Dismantle	
  Each	
  Frame
Jacks

Catwalk Size Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

HSS	
  1.66	
  X	
  .14 3 Ton $2,859.57 $759.73 $8,578.71 $2,279.19 $2,692.76 $13,550.66
HSS	
  14X10X1/2 49 Ton $2,559.69 $400.78 $125,424.81 $19,638.45 $35,975.69 $181,038.95
1/4"	
  Checkered	
  Plate 1506 SF $8.41 $18.82 $12,665.46 $28,343.97 $10,170.34 $51,179.77
L4X4X3/8 6 Ton $3,866.31 $1,172.65 $23,197.86 $7,035.92 $7,497.98 $37,731.75

Total $169,866.84 $57,297.54 $56,336.77 $283,501.14

Catwalk Size Unit
Material	
  Cost

per	
  Unit
	
  Equip/Labor
per	
  Unit	
  

Total	
  Material
Cost

Total	
  Equip/
Labor	
  Cost 	
  O&P	
   Total	
  Cost

HSS	
  1.66	
  X	
  .14 3 Ton $2,859.57 $708.67 $8,578.71 $2,126.00 $2,654.77 $13,359.48
HSS	
  14X10X1/2 36 Ton $2,559.69 $373.80 $92,148.84 $13,456.83 $26,190.21 $131,795.88
1/4"	
  Checkered	
  Plate 1383.584 SF $8.41 $18.32 $11,635.94 $25,347.36 $9,171.86 $46,155.16
L4X4X3/8 6 Ton $3,866.31 $1,167.78 $23,197.86 $7,006.69 $7,490.73 $37,695.27

Total $135,561.35 $47,936.87 $45,507.56 $229,005.79
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APPENDIX H:  Façade Redesign 

Current Design’s LEED Score Card 
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LEED Energy and Atmosphere Credit 1 

 

 



HPR Integrated Design 

BIM THESIS PROPOSAL 
Jeremy Heilman | Josh Progar | Nico Pugilese | James Rodgers 

 

HPR Integrated Design | Penn State Ice Arena |  University Park, PA 255 

 

H.A.M. Toolbox Analyses 

Figure 127:  Poor Exterior Cavity Wall Assembly - No Insulation 

 

Figure 128:  CMU Block Backup Exterior Cavity Wall - R-Value Analysis 
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Figure 129:  Structural Stud Backup - Exterior Cavity Wall - R-Value Analysis 

 

Figure 130:  CMU Block Backup - Summer - Condensation Analysis 
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Figure 131:  CMU Block Backup - Winter - Condensation Analysis 

 

Figure 132:  Structural Stud Backup - Summer - Condensation Analysis 
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Figure 133:  Structural Stud Backup - Winter - Condensation Analysis 
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Façade Redesign Cost Impact 

Table 79:  Façade & Entrances Cost Breakdown 

Overhead & Profit Markup = 24.8% 

 

Table 80:  East Façade Material Cost Breakdown 

Overhead & Profit Markup = 24.8% 

 

Table 81:  Main & Student Entrances Cost Breakdown 

Overhead & Profit Markup = 24.8% 

 

Façade Redesign Schedule Impact 

Table 82:  Façade & Entrance Schedule Impact 

 

Table 83:  East Façade Schedule Impact 

 

Material	
  Cost Labor/Equip O&P Total	
  Cost Material	
  Cost Labor/Equip O&P Total	
  Cost Material Labor/Equip O&P
Exterior	
  Glazing	
  w/	
  Mullions	
  (East	
  
Façade	
  Only) $490,688.23 $78,840.92 $141,243.23 $710,772.38 $397,294.83 $63,835.01 $114,360.20 $575,490.04 $93,393.40 $15,005.91 $26,883.03 $135,282.34 23.51%
Exterior	
  Walls	
  (East	
  Faç	
  &	
  Entrances) $0.00 $0.00 $0.00 $0.00 $84,019.18 $101,256.60 $45,948.39 $231,224.17 -­‐$84,019.18 -­‐$101,256.60 -­‐$45,948.39 -­‐$231,224.17 -­‐-­‐-­‐

Total $490,688.23 $78,840.92 $141,243.23 $710,772.38 $481,314.01 $165,091.61 $160,308.59 $806,714.21 $9,374.22 -­‐$86,250.69 -­‐$19,065.36 -­‐$95,941.83 -­‐13.50%

Item
Baseline Redesign Difference	
  (+/-­‐)

Total	
  (%)

Material	
  Cost Labor/Equip O&P Total	
  Cost Material	
  Cost Labor/Equip O&P Total	
  Cost Material Labor/Equip O&P
Glazing $422,137.77 $67,826.63 $121,511.17 $611,475.57 $396,124.73 $63,647.01 $114,023.39 $573,795.13 $26,013.04 $4,179.62 $7,487.78 $37,680.44 6.57%
Exterior	
  Walls $0.00 $0.00 $0.00 $0.00 $40,240.18 $52,111.98 $22,903.34 $115,255.50 -­‐$40,240.18 -­‐$52,111.98 -­‐$22,903.34 -­‐$115,255.50 -­‐-­‐-­‐

Total $422,137.77 $67,826.63 $121,511.17 $611,475.57 $436,364.91 $115,758.99 $136,926.73 $689,050.63 -­‐$14,227.14 -­‐$47,932.36 -­‐$15,415.56 -­‐$77,575.06 -­‐12.69%

East	
  Façade	
  
Baseline Redesign Difference	
  (+/-­‐)

Total	
  (%)

Material	
  Cost Labor/Equip O&P Total	
  Cost Material	
  Cost Labor/Equip O&P Total	
  Cost Material Labor/Equip O&P
Glazing $68,550.46 $11,014.29 $19,732.06 $99,296.81 $1,170.10 $188.00 $336.81 $1,694.91 $67,380.36 $10,826.29 $19,395.25 $97,601.90 5758.53%
Exterior	
  Walls	
  (East	
  Faç	
  &	
  Entrances) $0.00 $0.00 $0.00 $0.00 $43,779.00 $49,144.62 $23,045.06 $115,968.68 -­‐$43,779.00 -­‐$49,144.62 -­‐$23,045.06 -­‐$115,968.68 -­‐-­‐-­‐

Total $68,550.46 $11,014.29 $19,732.06 $99,296.81 $44,949.10 $49,332.62 $23,381.87 $117,663.59 $23,601.36 -­‐$38,318.33 -­‐$3,649.81 -­‐$18,366.78 -­‐18.50%

Entrances
Baseline Redesign Difference	
  (+/-­‐)

Total	
  (%)

Baseline	
  
Manhours

Redesign	
  
Manhours

Glazing 1984.81 1607.03 377.78 19.03%
Exterior	
  Walls 0 2982.73 -­‐2982.73

Total 1984.81 4589.76 -­‐2604.95 -­‐131.24%

Difference	
  (%)

East	
  Façade	
  
Baseline	
  
Manhours

Redesign	
  
Manhours

Glazing	
  for	
  East	
  Façade 1707.86 1602.3 105.56 6.18%
Brick	
  &	
  Other	
  Materials	
  for	
  East	
  Façade 1333.29 -­‐1333.29

Total 1707.86 2935.59 -­‐1227.73 -­‐71.89%

Difference	
  (%)
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Table 84:  Entrances Schedule Impact 

 

 

Entrances
Baseline	
  
Manhours

Redesign	
  
Manhours

Glazing	
  for	
  Entrances 276.95 4.73 272.22 98.29%
Brick	
  &	
  Other	
  Materials	
  for	
  Entrances 1649.44 -­‐1649.44

Total 276.95 1654.17 -­‐1377.22 -­‐497.28%

Difference	
  (%)
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APPENDIX I:  Redesign Schedule 

Table 85:  HPR's Project Redesign Schedule 
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Table 86:  HPR's Project Overall Redesign Schedule Impact 

 

Item	
  Time Item	
  Units Project	
  Days Sched	
  Days Item	
  Time Item	
  Units Project	
  Days Sched	
  Days Item	
  Time Item	
  Units Project	
  Days Sched	
  Days
Excavation	
  (Days) 251 35 35 183 28 28 68 7 7
Foundation	
  Walls	
  (sf)/Columns(ft) 25231.884 59 59 21506.739 51 51 3725.145 8 8
Int	
  Wall	
  Framing	
  (sf) 225077.115 89 122 215502.236 86 118 9574.879 3 4
Int	
  Wall	
  Drywall	
  (sf) 478486.734 85 141 428826.946 77 128 49659.788 8 13
Arena	
  Bowl	
  Stadia/Walls	
  (tons) 162 34 84 210.625 45 110 -­‐48.625 -­‐11 -­‐26
Arena	
  Bowl	
  Seating	
  (each) 5947 53 53 6118 55 55 -­‐171 -­‐2 -­‐2
Arena	
  Bowl	
  Steps	
  (cf) 3434.954 41 41 2785.315 34 34 649.639 7 7
Exterior	
  Wall	
  Framing	
  (sf)/Sheathing	
   65162.774 75 109 121887.955 141 205 -­‐56725.181 -­‐66 -­‐96
Exterior	
  Wall	
  Insulation	
  (sf) 40309.989 21 64 51017.272 27 83 -­‐10707.283 -­‐6 -­‐19
Exterior	
  Wall	
  Vapor	
  Barrier	
  (sf) 50748.327 21 64 75794.894 32 98 -­‐25046.567 -­‐11 -­‐34
Exterior	
  Brick	
  (sf) 40292.063 61 78 49717.223 76 98 -­‐9425.16 -­‐15 -­‐20
Exterior	
  Brick	
  Ties	
  to	
  Framing	
  (sf) 20410.958 24 64 28860.084 34 91 -­‐8449.126 -­‐10 -­‐27
Exterior/Interior	
  CMU	
  (sf) 35330.784 31 31 35489.519 32 32 -­‐158.735 -­‐1 -­‐1
Exterior	
  Brick	
  Ties	
  to	
  CMU	
  (sf) 19881.105 12 29 20857.139 13 32 -­‐976.034 -­‐1 -­‐3
Steel	
  Structure	
  Members	
  (tons) 537 91 91 566 96 96 -­‐29 -­‐5 -­‐5
Build-­‐Up	
  Trusses	
  (welded	
  ft) 60 16 16 69.333 19 19 -­‐9.333 -­‐3 -­‐3
Errect	
  Trusses	
  (tons) 272 8 8 352 11 11 -­‐80 -­‐3 -­‐3
Shoring	
  Towers -­‐19
Truss	
  Braces	
  (tons) 128 36 36 242 69 69 -­‐114 -­‐33 -­‐33
Install	
  Roof	
  (sf) 129840.736 55 105 139398.348 60 115 -­‐9557.612 -­‐5 -­‐10
Curtain	
  Wall/Spandrel	
  (sf) 13102.478 46 65 11879.334 42 59 1223.144 4 6

Item	
  -­‐	
  Schedule	
  Days
Baseline Redesign Difference	
  (+/-­‐)
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Table 87:  4D Steel & Truss Erection Schedule 
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Table 88:  Steel & Truss Erection Short Interval Project Schedule (SIPS) 
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APPENDIX J:  Ice Generation System Research 

Improving Efficiency in Ice Hockey Arenas 
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Technical Guidelines of an Ice Rink 
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APPENDIX K: Normal Building Electrical System 

For the purpose of this BIM thesis, only the main normal distribution power was investigated. 
To this affect the entire building’s normal power distribution was modeled in the BIM model and 
coordinated with the other disciplines. From the coordinated model a riser diagram was produced to 
visualize the electrical system in a simpler manner. This riser was then tag with the appropriate feeder 
tags after a voltage drop calculation was done. The electrical system was designed to meet all relevant 
codes stated in the NEC 2011 edition. 
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APPENDIX L: General Lighting Information 
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Table 89:  Light Loss Factors 

Light	
  Loss	
  Factor	
  

Luminaire	
  Type	
   A1	
   A2	
   B	
   C	
   D	
   F	
   G	
   H	
   E1	
  

Luminaire	
  Ambient	
  Temperature	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
  

Lamp	
  Lumen	
  Depreciation	
   0.80	
   0.80	
   0.80	
   0.80	
   0.80	
   0.80	
   0.80	
   0.80	
   0.80	
  

Luminaire	
  Dirt	
  Depreciation	
   0.91	
   0.91	
   0.91	
   0.91	
   0.91	
   0.91	
   0.91	
   0.91	
   0.91	
  

Ballast	
  Factor	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
  

Equipment	
  Operating	
  Factor	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
   1.00	
  

Total	
  Light	
  Loss	
  Factor	
   0.73	
   0.73	
   0.73	
   0.73	
   0.73	
   0.73	
   0.73	
   0.73	
   0.73	
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APPENDIX M:  Catalog Information 

Kawneer Wall System  
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Lighting Cut Sheets
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