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Abstract

Currently, WPI does not fully utilize its property at the location of the A.J. Knight Field
and tennis courts due to safety and accessibility concerns from the crossing of MA Route 122A.
An indoor athletic and training facility was designed to fully utilize this property and expand the
current athletic facilities. An enclosed pedestrian bridge was designed to increase foot traffic and
accessibility to this area of campus by connecting it to the current Sports and Recreation Center.
The scope of this project included architectural planning, site design, structural design, and cost

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

In order to successfully complete the requirements established by the Accreditation
Board for Engineering and Technology (ABET) for the Capstone Design Project, the project
team must properly consider a number of realistic constraints. This section will detail how the
work done to complete this project addressed these constraints. Due to the complexity of the
project, the majority of these constraints were considered without needing to make special

considerations.

Constructability

It is important to consider constructability throughout the entire design of the project. If a
structure works on paper but cannot be properly put together, then the design is inadequate.
When considering the various loadings present throughout the life of the structure, it is important
to factor in the construction loads (shoring, scaffolding, etc.). Our team made sure to always
consult the Massachusetts State Building Code 8" Edition regarding various construction safety
factors to ensure the safety of those working to build the facility, including but not limited to
building zoning, regulations, design aspects, and structural analysis. Standard steel sections were
taken from The American Institute of Steel Construction and observed dimensional standards for
concrete construction were taken from The American Concrete Institute. Given the location of
the project spanning over State Highway 122A, the process of constructing the bridge without

obstructing traffic was taken into account with the designs.
Social

The social impact of any project determines its ultimate success. The new facility will
alter the landscape of Worcester Polytechnic Institute (WPI). The athletic facility and bridge will
increase the amount of recreational space for members of the WPI community by freeing up
space in the Sports and Recreation Center, while providing varsity athletes with the space they
need to train and improve their skills. Improving the quality of varsity athletics will be a source
of pride for the Institution and providing more opportunities for health and fitness of the

community will be beneficial for all at WPI.
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Economic

In order to evaluate all economic constraints, a material and labor cost estimate was
prepared. Given that this project will be funded by a private institution, every aspect from design
through construction to operation and maintenance was evaluated. Costs were a major deciding

factor throughout the design of both structures.
Health and Safety

Health and safety should be considered for all phases of a project’s life, in this case both
construction and occupancy were considered. By designing in accordance with Massachusetts
State Building Code 8" Edition, MassDOT LRFD Bridge Manual, the Americans with
Disabilities Act (ADA), the American Society of Civil Engineers (ASCE), and the AASHTO
LRFD Bridge Design Specifications, the team ensured the safety of the construction process, the
structure, and its occupants. However, the safety of the facility’s occupants is also critical. By
following the standards set in place by the ADA, the structures will be safe and accessible to all
occupants. The team also made use of the Load and Resistance Factor Design Specifications for
both the proposed building and pedestrian bridge when determining the loads and load factors.
The location of both the structures subjects them to various environmental factors such as snow,
wind, and earthquake loads. The designs of both structures were completed to safely account for

these factors and the various usages of each space.
Environmental

Design decisions will be made with consideration to the impacts they could potentially
have on the local environment. Excavation will be required for the construction of both the
athletic facility and pedestrian bridge. Throughout this process it will be important to mitigate
the inflow of any hazardous materials to the exposed soils. With the addition of the proposed
athletic facility, the local terrain will be altered reducing the amount of impervious surface area
available for water runoff to percolate and be absorbed. Consequently, the drainage and storm

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

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

disturbing the normally hidden and contained material. Once the excavation has begun, the soil
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and rock removed from the ground must be tested for environmental concerns such as toxins or
pollutants. The result of these test will determine where and how the soil can be stored,
transported, and reused. If the soil removed from the site does contain pollutants and it is not
handled properly, it could have negative consequences on the environment. To reduce these
risks, design decisions were made throughout the project, such as using shallow footings instead

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

Developing sustainable civil infrastructure and structures is critical to the success of a
project. If structures do not properly stand the test of time, the owner will be liable for high
maintenance and repair costs. In addition to their durability, new construction should also be
built using sustainable materials and techniques. These materials are beneficial to the

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

To ensure that the proposed athletic building and pedestrian bridge are built sustainably,
the design of the structures must be efficient. If the structure can be designed using less material,
it will be inherently more environmentally friendly and sustainable. The structures of the
building and bridge were designed to use the least amount of material and weight while also
minimizing cost. Truss systems were used multiple times during the design of the project to take
advantage of the high strength to weight ratio of truss systems. By using less steel to carry the

same load, the structure is more sustainable.
Ethics

Considering the ethics behind each decision is vital because lives are always in
consideration for all structural designs. In the design of both the proposed athletic building and
the pedestrian bridge, the principles from The American Society of Civil Engineers (ASCE) were
upheld. All risks and dangers involved in an infrastructure were considered and discussed,

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



MQP LDA-1801

Professional Licensure Statement

Professional licensure in the state of Massachusetts allows individuals the freedom to
consult and certify civil engineering documents. This certification is critical for those striving for
upper-level engineering positions and increases their value to the companies that employ them.
Professional Engineers (PE) are a vital piece of any successful engineering firm and are greatly
responsible for designing the way society will interact with the infrastructure around them in the
future.

A large portion of the importance of these individuals stems from the difficulty in obtaining
their titles. In order to obtain this licensure, candidates must first graduate from a four-year college
engineering program accredited by ABET. Following graduation, individuals must successfully
pass the Fundamentals of Engineering Exam. This online examination is administered over a 355-
minute period and spans across all areas of knowledge necessary to become an Engineer-in-
Training (EIT). Topics include general mathematics, environmental engineering, structural
analysis, engineering economics, and professional ethics. After passing the exam, EITs must
complete four years of work under the supervision of a PE. Lastly, one must apply to sit for and
pass the Principles and Practice in Engineering Exam, the composition of which varies from state
to state.

Obtaining this licensure is a major milestone in the career of any engineer. It takes years
of hard work and dedication to the profession. However, one’s work is not done following
accreditation as PE’s are responsible for the safety of not only their designs, but the lives of those
who interact with their designs as well. It also holds those with licensure accountable for the work
performed by their subordinates.

It is important to note that multiple Professional Engineers from different disciplines,
including civil engineering, electrical engineering, and mechanical engineering, would be required
to successfully complete the project detailed within this report. Both the multi-story athletic facility
and the pedestrian bridge spanning over a major state route have the potential to negatively affect
the safety of those who interact with them if mistakes were to be made. For this reason, PE’s would

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

vi



MQP LDA-1801

Table of Contents
F N 0T 5 Tt TSRS i
F N L1101 11 oSSR il
Capstone DESIZN STALEINENL ........ccviieiiiieiiieiiie et eeteeeiteeesteeeteeesaeesbeeessseessseeessseesssesessseessseesssesessseessseeanes 1ii
Professional LiCensure STAtBIMENT ........cuevueruteriirieieitieieieri ettt ettt sbe et et eae et e sbe et e saeeaeens vi
LISE OF FIGUIES ...ttt ettt ettt e bt e e ue e sat e et e e bt e bt e bt e sbeeeabeenbeenbeenbeesaeesatenas xi
LSt OF TADLES ...ttt ettt bt b e e et et b et e st e e bt et e st e eat e be e bt et e bt ene et e eaeeneas Xiii
1.0 TEEOAUCTION ...ttt ettt ettt et e b e bt e s bt e eae e ea b e et e ebeesbeesatesatesabeenbeenbeenbeenneas 1
2.0 BACKZIOUNA ... ..ottt ettt e h e s at e et e e bt e bt e bt e s atesae e eateenteenbeesbeesaeeeaneenne 3
2.1 ASSESSING the NEEA ...c.eeiieiiiiieieeiieeeee ettt ettt e e ab e e b e e beessaessaesssessseasseesseesseensnensss 3
2.2 ComMUNILY TMPACT ...ttt ettt ettt e sbt e s et e sate e abeeabeebeenbeesaeesaeas 4
2.2.1 Massachusetts Zoning DISLIICES .......cccvereveeeiierieerieriesresreesreesseesseeseessresssesseesseessaessessseesssesssennns 4
2.2.2 Impact on the WPT COMIMUNILY .....ooitiiiiiiiiiiieieeiee ettt ettt et bee e saees 5
2.2.3 Impact on the Greater Worcester COMMUNILY ..........cccveerveerreerieesieeseerreereereesseesseesseeseesssesssennns 5
2.2.4 ECOMOIMICS ...t eutteuttetieeite et et ete e bt esteestteeateeateeabe e bt e bt e st e saeesateeateente e bt esbeesaeesabeeasesabeebeenbeenneesneas 5
2.3 Common Construction MateTialS ...........cecerieiierieieieietere ettt ettt ettt st et sbe e e 7
2.3.1 COMCIELE ...ttt et ettt et e st e e at e et e et e e bt e bt e bt e sa e e saeesmteeateenbeebeeeaeesaeesateeabeeabeebeenseenneesneas 7
B TN 1<) OSSPSR 8
2.3.3 THIMDT ...ttt ettt ettt ettt et e bt e bt e bt e ea e e s ae e e ateeateenbe e beeebeesatesabeeabeeabe e bt e bt enntennees 9
2.3.4 COMPOSIEES ...veeuvreereaerierieteesseeseeseessseaseesseesseesssesssessseasseesseesssssssessseasseesseesseesssessssssseessesssesssenns 10
2.4 Bridge and Building SYSEIMS. ......ceiuiiiiiiiiiiiietieeieee ettt ettt sttt e st e st st e e e ebeenaeens 10
2.4.1 SUSPENSION BIIAZES .. .icviiiiiiieiie ittt ettt sttt ettt e steestaesebeesbeesbeesseesssesssesssessseesseesseens 10
2.4.2 TTUSS BIIAZES ...vvevvieiiieiieiiesieeseeste ettt et et et e b e s b e et e esbeestaestaessseasseessaesseesssesssesssenssenseesseens 11
2.4.3 ATCH BIIAZES ...ttt ettt et a e st e et et e bt esat e st et e enteebeenaee 12
2.5 Engineering Design Parameters ...........ccvevvieviierieriieniicriereesieesieeseesnesveeseesseessaesssesssesssesssessseesseens 13
2.5.1 AASHTO DeSIZN CTIteIIa . .c.ueeruieruiieiieiiestieetieeiie ettt et e bt esttesateseteeteesbeesbeesseesneeenseenseenseesaeens 14
2.5.2 ADA DESIZN CIILETIA ...vvievviereeieiesreateesieeseesttesreaseasseesseesseessaesssessseesseesseesseesssesssessseessessssesseens 14
2.5.3 Massachusetts Building Code Design Criteria...........ccueveereerierierieeiieesieesieeeie et eie e 17
2.5.4 International Code Council Wind and Seismic Design Code Master ..........ccocevevveecveerieenieennenns 17
2.5.5 LRFD DeSign SPECIfICAtIONS ...ccvvieruiieiiiieiiiieiiieeiteesteeesteeesereesteeassaeessseessseessseesssesesssessssessnnns 18
2.5.0 BHRICS. ..ottt h et e h et ettt ae et bt et e bt eae et 19
2.0 SUSEAINADIIILY .. cccviiiitiieeiie et et ettt e et e e st e e et ee e tbeesbeeetae e sseeessseesssaeassaeesssaessseeassseessseesssseensseenns 19
2.7 DESIGN TOOIS ....eeuvieiieiiieiieieeieestesteete et et e tee s tte e e ssteesseesseessaesseessaesssessseasseassaesssessseassessseenseensanns 21
B T N 2 N USSP 21
2.7.2 AULODIESK REVIL..c..eiiiiiiiiiiiiee ettt ettt ettt ettt ae st e e 21
2.7.3 AutoDesk AULOCAD .....cooiiiiiiieee ettt ettt ettt ettt et st 21

vil



MQP LDA-1801

2.7.4 MICTOSOTt EXCEL....eeuiiuiiiieiieiete ettt ettt ettt et et e eae et e seeneensesneeneeeees 22
I LY, 1571 T Ta (o] 107 2P 23
3.1 Preliminary DESIZN ...cccuviiiiieeiieciie ettt ettt e et e e s be e et e esebeessbeeessaeessseeessaeessseesnsaeensseesnseeenens 23
T O B 11 7 PSPPSR 23
B2 INERIVIEW ..ttt ettt ettt ettt e b e b e h e e at e e et eat e et e e bt e sheesabeeateeabeenbe e beasseesmeeenteenbeebeens 24
3.1.3 Sources for Design and CalCulations ............cceevveriiiciiesierienie e e ere e eseesee e sreeseeseeseeens 24
3.2 Design of Athletic FACTIITY ....ccueiitiiiiiiiee ettt st 25
3.2.1 Building Roof System ANaLYSIS......cccueeiuieiieiieiieiieee ettt ettt st 25
3.2.2 Building Second Floor Design and ANalYSis .........ccecverriereeriieiienieeieesieeseeseesnesreeseesseesseens 26
3.2.3 Building Column Design and ANalysSis........ccceeriiiiiiiiiiieieerieriie et 28
3.2.4 Building Wind and SeiSmic ANALYSIS ......cccvevieriiiiiiiieiiesieseeseesteereereeseeseessnesssessseesseesseens 29
3.2.5 Building Footing Design and ANalysis ........ccceeiiiiiiiiiiiieieeriesie ettt 31
3.2.6 Building Elevator Hoist Beam DeSi@N.........cccueviiiiiiiieiiieiieriie e e eie e eieeseesnessreesseesseesenens 32
3.3 Design of Pedestrian Brid@e ........ccoeeiiiiiiiiiiiiiieiee ettt st 32
3.3.1 Bridge Through-TrusS ANALYSIS........ccverierierieriiiiieriesiesieeseesresreesseesseesseesssesssesssessseesseesseens 33
3.3.2 Bridge Lateral FOrce ANalySis ......c.cooieiieiieriieiieiie ettt ettt ettt e e 33
3.3.3 Bridge ROOf Frame ANALYSIS........cceccviecrieriierierieiiesteeieesieeieesteesressressreesseessaessaessaesssesnsesssessns 33
3304 BIIAZE PIOTS. .ttt ettt ettt e b e h e a e sttt et e bt e shtesateeaneeate e 34
3.3.5 BIIAZE PIel CaPS ..eocuviiiiiiiieiieiesie sttt ettt e st e stteesaeesbeesbeetaessaesssessseassaessaessaesssessseansenssensns 34
3.3.6 Bridge Elastomeric BEATINGS .........cocuieuieiiieriieiieiie ettt ettt st st e e 34
3.3.7 Bridge FOOUNES ... .ccviiiiiiieieeieste sttt ettt et e sttesttessbeesbe e bt estaesssessseasseassaessaessaesssessseassesssennns 35
3.4 3D Modeling and CoSt ANALYSIS .......cccvirevieerieriierieriesteeiteereesreesseeseessessseesseesseesseesssesssesssesssessseenns 35
3.4.1 Building, Bridge, MEIZINE ......c.coiiiiiieiieiieitest ettt ettt ettt st sttt be bt e st e saeeeaeeease e 36
3.4.2 RENAETINGS ...eevviiiieeiiieieeieesieestestesteeese e seesteesseessseasseasseassaesseesssessseassessseassaesssesseesssessseassesssesnes 36
I N 001y AN 1 1 3 OO URRPRR 36
4.0 DIESIGN StIALEZY .uvveevrieerierietiesieestesteeteasteesseesstesstesssessseasseasseesssesssesssessseasseesseesseesssssssessseesseesseesssesseens 39
4.1 Current Site Details and Limitations..........cccceerieriiriiiiiieiieierte ettt sae e 39
4.2 Athletic Facility Architectural Program and Design Strategy .........c.cceevvveveerierienirescriereesieesieenenens 41
4.3 Pedestrian Bridge Architectural Program and Design Strategy ..........ccoeceevieriieeieeiieenienienee e 43
4.4 Bridge Connection DESIZN StrateZy ........ccvveriiereiieciieriieriiereesreireeseesseesseesseesressseasseesseesssessesssesssees 44
5.0 Design of Athletic Facility BUIldiNg.......c..cccvuiiiiiieiiiiiie ettt svee et e e sveeeeveesavee e 45
5.1 Design of Building ROOT TIUSS ....cccuviriiiiiiiiieiiciterieesee sttt ettt st ens e essaesaessaessaesenesnnesnns 45
5.2 Design of Building Second FIOOT..........cccuiiiiiiiiiiiciie ettt et 48
5.3 Design of Building COIUMNS ........ccveviiiiiiiiiiieiierieeeee e ets et estee e ssaesereenseesseesaesseessaessnesssennns 50
5.4 Design of Building Lateral Reinforcement SYStem .........c.cccvecvieriierierienieiiieieceereesee e 51
5.5 Design of Building FOOTINES ....ccoueiitiiiiiiieeee ettt st 53



MQP LDA-1801

5.6 Design of Elevator HOiSt BEAIM .......cc.cieiiiiiiiiiiicciee ettt e e s eeb e e e e e 55
6.0 Design of Pedestrian Bride .........cccevviriiiiiiiieiieiiesee ettt sse et e esse e saesteesraessnesnneenns 56
6.1 Design of the Bridge Through-TTUSS ........ccooiiiiiiiiiie et ere e e 56
6.2 Design of the Bridge ROOT FTame...........ccocciiiiiiiiiiiiie ettt s 58
6.3 Design of Bridge Lateral TTUSS.......cccviiiiiiiiecciieciee ettt et e st e e eveesabeesbeeesesaesnreeenens 59
6.4 Design of the Bridge Pier Cap ......cccveviieiieiieiieiiesee sttt esaessaesneesenesnnessseenns 60
6.5 Design of the Bridge PIers .......cooiiiiiiiieeee ettt st 62
6.6 Design of the Bridge FOOTINES .....ccouiiiuiiiiiiieiiee ettt st 65
6.7 Design of Bridge Earthquake ResiSting SYStem .........ccevvviiiieriierieniesiecieeieereeee e 68
6.8 Design of Bridge End Pier .......cooiiiiiiiieeee ettt 69
A G0 TS AN 11 3 PP 71
8.0 Conclusion and RecoOMMENAAtIONS ........c.eeruieiiiiiiiiieieeteerite sttt ettt ettt e sbeesaeesaeeeaee e 72
8.1 Athletic BUilding CONCIUSIONS .........cccueiiieiiiiiieiiesitesteete e ereereereesseesteeseeessaessseesseessaesseesssesssensns 72
8.2 Athletic Building Recommendations ...........cocueeriieiienieiieiie ettt sttt ettt 73
8.3 Pedestrian Bridge CONCIUSIONS ........cccviiviieriieriiesienie et et ereesieerieeseesaeesseesseesseessaessaesssesssesssesssensses 73
8.4 Pedestrian Bridge Recommendations ...........cceeiiiiiieiieiieeiieiieriterite ettt 74
LU 23 10) § U0 1] 1) U PRUPRRSRRS 76
Appendix A: Project PrOPOSAL ........cooiiiiiiiiiieeee ettt ettt sttt an 80
Appendix B: Site Maps and IMagEs..........cceeviiriieiiiiieeiieii ettt sre e ereesraeseeessaesssessseesseesseesses 101
Appendix C: Survey Data and ANALYSIS ......cooeeieeiiiiieiieeie ettt 104
C.1 Site Cross-Section Diagram from Site SUrvey Data..........ccccvevverieeiiiciieiieieeeeseesee e 104
C.2 Site SUIVEY RaW DAta ....ooiiiiiiiiieciecieee ettt et st e s e s e esbe e saessaessaesssessseanseas 104
Appendix D: Design Specification SHEEtS .........ccceiiiriiiiieiiieeesieeerte ettt 107
D.1 Building 2™ F100T DECK SPACINE ......cvvvverererereeeeeeeeeeeeeeeeeeee e eessse s eseseseseseseseseseseseseaenenn 108
Appendix E: Building CalCulations .............cocviiiiieiiiiiiiie e esiee ettt et esteeetaeeseveesreessesaessseeenns 110
E.1 ROOT TTuss CalCulations ..........ceoueeuieiiiriieieieei ettt sttt st e 111
E.2 Roof Beam/Girder CalCulations ...........ccoueeiiiiieiiieieiieie ettt 115
E.3 Building 2™ F100T CalCUlAtioNS ............c.cvovevevevererereeereeeeeseseseeeeeeeeeeseseeesesssesesesesesesesesesesesesesesesenens 121
E.4 Building 2™ FI00r S1ab CalCUlations ...........c.coveveveveeeieteeceeeeeeseeeseeeeeseseseseessseseseesesesessesesssesssesens 128
E.5 Building Column CalCulations ............cceecveeeieeiiiesiieniesieniesre et eieesseesseeseeesenesssesssessseesseessessssennns 130
E.6 Building Lateral Reinforcement Calculations .............cccveeviieiiieiiiieniieciie e 133
E.7 Building Seismic CalCULAtiONS..........cccvuerivereiieiiieiiesieesiesiesresseeseesseesseessaessnessnesssessseesseesseesssessns 136
E.8 Building Footing Calculations ..........c.ccoiiiiiiiiiiiieieeeee ettt 139
E.9 Elevator Hoist Beam CalCulations...........cueouieiiiiiiirieriiniieesie et 143
Appendix F: Pedestrian Bridge Calculations .............cccvevierieiieeiieieeeeseesie e sie e seee e sene e 145
F.1 Bridge Through-Truss CalCulations...........cocuiiiiiiieiieiiereee ettt 146

1X



MQP LDA-1801

F.2 Bridge Roof Frame CalCUlations ............cc.eevviiiiieiiieiieeiiieiteerecteereesreesteesteesareesveesveeveeveessnesanesenas 155
F.3 Bridge Wind Distribution CalCulations ...........cccecverierierieniieiiieieesieeseeseesnesresneesseesseesseessnesnnes 157
F.4 Bridge Seismic CalCulations..........ccceccuiiiiiiiiiieciieeciee ettt ettt sve e reeeeveesveeetaeessveeenraeensneas 158
F.5 Bridge Elastomeric Bearing CalCulations............ccvecverierienieeiiieiierieeniee e snesne e eseeseeeseesenesnnas 161
F.6 Bridge Pier CalCulations .........ccuiecuiieiiiieiiiecieeciee et e etee et e v e etaeeseveessbeeeesaesssaeentaeessseeensseenssens 164
F.7 Bridge Pier Cap CalCulations...........ccccvuerireiiieiiieiiiesiesiestesre et eieesseesseeseeessnesssessseesseesseesssesssensss 167
F.8 Bridge Footing CalCulations .........ccceeiiiiiiiiiiie ettt sttt et 172
F.9 Bridge Final Pier CalCulations ..........coiiiiiiiiiiiieiieiiei ettt 176
APPEndixX G: COSt ANALYSIS ...uvievieriieiierierieeieeteeteeseesteesteestesseesseesseesseessaesssessseesseesseessassseesssesssesssennes 178
Appendix H: Connection Geometry Check ...........coiiiiiiiiiiiiiiiieeeeee e 180



MQP LDA-1801

List of Figures

Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:

Suspension bridge diagram (Lamb, 2000) ...........ciieieiiiiiiiiiiiie e e e e e eeer e eeaeeeanes 11
Truss bridge diagram (Robb, 2016) ......ceuuruiiiiiiiiiiiiiiiie e 12
Arch bridge diagram (Shirley-Smith, 2017)......cccciiimiiiiiii e 13
ADA Wheelchair Clearance Requirements (Department of Justice, 2010)...........cceeveeernnnnnnnn. 15
ADA Door Clearance Requirements (Department of Justice, 2010).......ccueveerereirerreieneeennnnnn. 15
Handrail Clearance with Adjacent Surfaces (Department of Justice, 2010).........cceevvevenneernnnnn. 16
Handrail Height Clearance (Department of Justice, 2010) .........couvvuiiiieeiiieiiiiiiieeeeeeeeeeiiennn 16
Procedure Used to Design a Beam and Girder System. ..........cccovvrviiiiieeiiiiriiiiineeeeeeeeeeninennn 25
Procedure Used to Design the Building Roof Truss System.............uviiieeiiiiiiiiiiiieeeeeeeeeiinnen, 26

Procedure Used to Design the Building Second F10Or. ........oovivveiiiiiiiiiieieiie e 27
Procedure Used to Design the Building Second Floor Solid Reinforced Concrete Slab. ........ 27
Procedure Used to Design the Building Columns. .............uiiiiiiiiiiiiiiiieeee e 28
Procedure Used to Design Building Lateral Load System.............ccuvuviiiiiiiiiiiiiiiiiiiieeeeeeeens 30
Procedure Used to Determine Wind Design Method. ... 30
Procedure used to Determine Seismic Loading on Building...............uuiiiiiiiiiiiiiiiiiinninine, 31
Procedure Used to Design Building Column FOOtNGS. ......uiiiiiiiiiiiiiiiiiieieiieceiiiii e 32
Procedure Used to Design the Bridge FOOtNGS. ......cccceuiiiiiiiiiiiiiiiiiiiii e 35
Typical design fees for construction projects in Massachusetts (DCAM, 2015)...........c........ 38

Figure 19: Aerial View of the Proposed Site. .......cuuruiiiiiiiiiiiiiiii e 39
Figure 20: Cross-Section of Current Site Ground COonditions. ...........ooevvverrrrmiiiieeerireeiise e eeeeeennneean 40
Figure 21: Proposed Athletic Building Floor Plan, 2nd FIoOT .........cooiiiiiiiiiiiiiiieicei e, 42
Figure 22: Proposed Athletic Building Floor Plan, 15t FIOOT .........uiiiiiiiiiiiiiiiccecii e, 42
Figure 23: Pedestrian Bridge Cross-Section. .............ccvvieeeveeennnnnnnnnn. Error! Bookmark not defined.
Figure 24: Proposed Building Alphanumeric Building Grid.............cooovviimmiiiiiiiiiiiiei e, 45
Figure 25: Truss Panel DIagram ...........uuuiiiiiiiiiiiiiii e e e s 46
Figure 26: Second Floor Beam and Girder Layout ...........cccoiiiiuiuiiiiiieiiiiiiiie e 48
Figure 27: COIUMN LaYOUL.......ciiiiiiiiiiitiie ettt e e e ettt e e e e e e e e e ebaa e e e 50
Figure 28: Lateral Load Resisting Frame for the Athletic Facility with Earthquake Loading................. 52
Figure 29: Lateral Load Resisting Frame for the Athletic Building with Wind Loads...................cc...... 53
Figure 30: Athletic facility typical footing and rebar CroSS-SECtION ..........uueieeuuniieeiiii e e e e e 54
Figure 31: Building FOOtING DESIN ...cuvvuuuiiiiiiiiiiiiiie ettt et 54
Figure 32: Typical Elevation View of Bridge Through Truss. .........ccoooiiiiiiiiiiiiiiiiii e, 56
Figure 33: Bridge ROOT Frame SECHION .......iiiiiiiiiiiiiie et 58
Figure 34: Cross-section of Bridge Roof Frame..............ccooiimiiiiiiiiiiii e 58
Figure 35: Lateral load resisting truss for half span of the pedestrian bridge with wind loads. ............... 60
Figure 36: Alternative Pier Cap Design. (not used for final design)..........ccuvvuiiiiiiiiiiiiniinniee e, 62
Figure 37: Pedestrian Bridge Pier Cap and Rebar Cross-Section.........cccuuvierereiiieeiiiinieeiiieeeeeieeeeeennn 62
Figure 38: Pedestrian Bridge Pier/FOoting LayOuUL .......cccieeeeiiiiiiiiieeieeeeeeeiiie e eeeeeeeeeve e e e e e e eeennanans 63
Figure 39: Pedestrian Bridge Pier and Rebar Cross-Section ...........ccooveeiiieiiiiiiiiieeeieeeii e 64
Figure 40: Typical Bridge Pier, Pier Cap, and FOOtING...........couvuimiiiiiiiiiiiiii e 65
Figure 41: Pedestrian Bridge Footing Design 1, Reinforcement Layout Parallel to Superstructure.......... 67
Figure 43: Pedestrian Bridge Footing Design 2, Reinforcement Layout Parallel to Superstructure.......... 68

X1



Figure 44:
Figure 42:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:

MQP LDA-1801

Pedestrian Bridge Footing Design 2, Reinforcement Perpendicular to Superstructure ........... 68
Pedestrian Bridge Footing Design 1, Reinforcement Perpendicular to Superstructure ........... 68
Pedestrian Bridge End Pier and Rebar Cross-Section Plan View .........c.ccovviiiiiiiiniiiiinnnnnns 70
Athletic Facility Material/Labor Cost BreaKdOWn ............oviiiiiiiiiiiiiiiieicii e eevie e eeeeineee e 71
Pedestrian Bridge Material/Labor Cost Breakdown .............ccoooiiiiiiiiiiiiiiiiiiiee e 71
Athletic Facility REVIT RENAETING ......cccverrrriiiiiiieiieiiiiiis ettt e e enenes 73
Pedestrian Bridge Rendering, View from Track...........couvuiiiiiiiiiiiiiiiiice e 74
Side view of Parking Garage Field ..........ccooiiiiiiiiiiiiiii e 101
Elevated view of proposed bridge SPan.............uueeieeeriiiiiiiiiie et 101
Elevated View of Proposed Athletic Building Site Location.............uuceiieeereiiiiiiiiiieeeeeenens 102
Aerial Map of Bridge Span and Building Sit€...........cceuuiuiiiiiiiiiiiiiiie e 102
Base of Sports and Recreation Center.............uiieeiiierriiiiiee et e e eeeenes 103
NS LS I o A 1T 2 s 4 U 104
Roof truss calculation SpreadSheet. .........ooeuuueiiii e 114
Building roof beam/girder calculation spreadSheet ............ovvvviviiiiiiiiinieic e, 120
Building 2nd floor calculation spreadsheet ............oooivuiiiiiiiiiiiiiiii e 127
Building Column EXample .......couuuuiiiiiiiiiiiiiiie e 132
Building Column Loading and DeSCTIPHONS ........eveeiieerrriiiiieeeeeeeiiiiie e e eeeesnns e e eeeeens 132
Building Footing EXamPe .......ccuuuuiiiiiiiiiiiiiiie e 142
Building Footings Loading Conditions ............c.oooeiiieiuuiuiiieeeieeeiiie e eeeeeii e eeeeeeees 142
Bridge Truss CalCulations .......c.uuuuiiieeeiieiiiiiie e e e e e e e e e e e e e e eennnes 154
Bridge Pier CalCulations ..........cuuuuuuiiiieeiiieeiiiiee et e e eeee 166
Bridge Pier Loading Conditions ..........ouuieeurrrmuiieeeeieeeniies e e e e eeenii e e e e e eennae e e e e eennnes 166
Athletic Facility Cost EStImate OVETVIEW.........uiiiiiiiiiiiiiiiaie e eeeeiiiie e e e et e e eeeees 178
Pedestrian Bridge Cost EStimate OVETVIEW .........ccoiiiiiiuiuuiiiieeeieiiiiiia e eeeeiii e eeeeeees 179
Pedestrian Bridge, Superstructure Connection to Elastomeric Bearings..............ccccvvveevnnn... 180
Athletic Facility, Interior Beam Connection to Column ..............ooeuviiiiiiieiiiimniiiiineeeeeeens 180
Athletic Facility, Exterior Beam Connection to ColUMN.............ccovevriiiiiiiieeiiieiniiiee e 181
Athletic Facility, Interior Girder Connection to Column.........c..ovvvveveieeriiineeriiiineeeeennnn. 181
Athletic Facility, Interior Girder Connection to Interior Beam ...........cccoevevviiiiiiiinininnnnnnn. 181
Athletic Facility, Exterior Girder Connection to Interior Beam ..........ccocoevviiviiiiiiinninnnnn.n. 182

X1l



MQP LDA-1801

List of Tables

Table 1: Various Zoning Types Present in Worcester, MA ........cooouuiiiiiiiiiiiieineeeeeeee e 4
Table 2: Pertinent Design Parameters...........oovuiiiiriiiiiii et 13
Table 3: ADA DeSign Parameters .......cuuuuuuiieeeiiiiiiiiiiie e e e e eeee et et e e e e e e e e e e e eennna s 14
Table 4: Sources Used to Complete the Following Procedures. ............ccoevuiiiiiiiiiiiiiiiiiiiiieeeeeeeeeiien 24
Table 5: Lateral Load Resisting System Evaluation...............couuiuiiiiieeiireiiiiiiei e e e e eeenanans 29
Table 6: Typical estimate contingency in Massachusetts (DCAM, 2006)..........cceereeriierernineeeennineeeennns 37
Table 7: Building Roof Truss Key ASSUMPLIONS ......uuuuuiiieeeiiiiiiiiiie e eeeeeeiiii e e e e eeeeris e e e e e eeeeenes 47
Table 8: Truss Roof Member Schedule............cooiiiiiiiiiii e 47
Table 9: Beam-and-Girder Roof System Member Schedule .............cooovviiiiiiiiiiiiii e, 48
Table 10: Building Second Floor Beam and Girder Key ASSUMPLIONS ......uuierereuiereiireeeeiieeeeeaieeeeennns 49
Table 11: Second Floor Beam and Girder Schedule ... 50
Table 12: Building Columns Key ASSUMPLIONS ....uvvieruuiererieeeriiieeeeeiiseeeeanseeseenseeseeneeseenneaeeennns 51
Table 13: Schedule of COIUMIS .......ceiuiiiiiie et e e e e e 51
Table 14: Building Seismic Calculation Key ASSUMPLIONS. .....cuuuruuuiiieeerieiiiiiiaeeeeeeeeeniis e eeeeeeeennaanns 52
Table 15: Building Wind Design Key ASSUMPLIONS ......cieeeiiieiiiiieeeeeeeeeiiiiae e e e e eeeeeiies e e eeeeeeeennaanes 53
Table 16: Schedule of building lateral MEMDETS ..........coiiiiiiiiiiiiie e 53
Table 17: Schedule 0f FOOTNES .....ccieiiiiiiii et e e e et e e e e eeenna e 55
Table 18: Schedule of FOOUNZ REDAT .......uuiiiiiiiiiiiiiii e 55
Table 19: Elevator Hoist Beam Key ASSUMPLIONS. ......uuieeeiiieriiiiiiieeeeeeeeii e ee e e e eeeenns 55
Table 20: Bridge Truss Key ASSUMPIIOIIS .. ...eeeiierrrrniieeeeeeemnriiseeeeseeeernns e e e e e eeeennnaa e e eeeeennnna s 57
Table 21: Schedule of Bridge Through Truss MemDeTS .........ccuuuuuuiiiieiiiiiiiiiiiee et 58
Table 22: Bridge Roof Frame Key ASSUMPLIONS. ...c..uuuuiiiiiiieiiiiiaa e eeeeiii e ee et e e eeeeeenes 59
Table 23: Schedule of ROOf Frame MEMDETS ........cuuvuuiiiiiiiiiiiiiiiise e e s 59
Table 24: Bridge Lateral Truss Key ASSUMPLIONS ..cvvvvuuuieeeeiieriiiiiieeeeeeeeiniis e e e s e eeerns e e e eeeeennns 60
Table 25: Bridge Pier Cap Key ASSUMPLIONS .....ceevrrruuiieieiiiiiriiise e eeeeeesriis e e e e e e e e e eeenne s 61
Table 26: Bridge Pier Cap Design ReESUILS .......ccoiiiiiimiiiiiiieieiiiiie et 61
Table 27: Pier Identification and LOCAtION. ........cceiuiuiuiiiiiiiiiiiiiie et eeeeees 63
Table 28: Bridge Pier Key ASSUMPLIONS .......ceiiiiiiiiiiiiiee ettt e et e e e eeeana s 64
Table 29: Bridge Pier Design ReSUltS........uiiiiiiiiiiiiiii e 64
Table 30: Bridge FOOtING LOCAIONS ...evvvruuiiieieiieieiiiiie et e e e e e e 66
Table 31: Bridge Footings Design 1 ASSUMPLIONS. .......uueeriiiiiiiiiae e eeeeeiiiia e e e eeeeeti e e e eeeeeennaanns 66
Table 32: Bridge Footing Design 2 ASSUMPLIONS ...ceuvuuuuueeeeiiiiitiiaaeeeeeeeeiii e e eeeeeeetna e e aeeeeeeennaanes 66
Table 33: Bridge Footing Design ResUILS. ........ccoiiiiimiiiiiiiiiiiiii e 67
Table 34: Bridge Elastomeric Bearing Design Results...........ccuuuiiiiiiiiiiiiiiiiieee e 69
Table 35: Bridge Elastomeric Bearing ASSUMPLIONS .......ooeveiierriiuiieeeeeeeiiiise e eeeeeeers e e e e eeeeennaans 69
Table 36: Bridge End Pier ASSUMPIONS. .....iieeiiieeiiiiiie e eeeeiiiis e e e e e e e e et e e e e e e ennnn s 70
Table 37: Bridge End Pier Design RESUILS ....cccvuuiiiiiiiieiiiie et e e e e e e e e e e s 70
Table 38: ReSults 0f COSt @NALYSIS ..vvruuuuieiiiriieeiiti e e eei s e e e et e s e e e e e et s e e e e s e e e eea s e e e eaan e e e eeaan e eeeenns 71
Table 38: Complete SUIVEY Data.......couuiimiiiiieeiiiiiii e e e e e 104

xiil



MQP LDA-1801

1.0 Introduction

A bridge can be defined as a structure spanning and providing passage over a river or
road (Merriam Webster Dictionary, 2017). But a bridge can be more than that. A bridge can
connect people, ideas, and cultures. Currently, part of our Worcester Polytechnic Institute (WPI)
community and campus is disconnected from the rest. A state highway with limited pedestrian
access divides the WPI campus into fragments. This is not only a culturally divisive barrier, but
also a major safety concern. Students, faculty, and guests may have to navigate across this
dangerous road in order to explore the full extent of the campus.

Our team is proposing and designing an enclosed pedestrian bridge that would span the
state highway 122A, which is Park Avenue. The bridge will connect the current WPI Sports and
Recreation Center 3rd floor to the proposed WPI athletic facilities, where the current A.J. Knight
Field and tennis courts are located. Along with access to these facilities, the bridge would allow
WPI students and faculty to travel more easily from the main campus to the Hughes House,
Jeppson House, and the Alpha Tau Omega Fraternity house. We believe safe access to these
campus buildings as well as the numerous off-campus residences is a priority for students and
parents and should be a priority for the WPI community.

As part of our project we will also propose and design the construction of a new athletic
building located along Park Ave near the location of the current WPI tennis courts and the A.J.
Knight Field. The purpose of the proposed athletic building is to provide additional facilities for
the WPI community as a whole. On the first floor of the facility, an indoor athletic training field
was designed with elevated ceilings to be used for any indoor athletic drills/conditioning,
training, and/or games. An open space area for strength training was also included on the first
floor to accommodate strength training equipment along with men’s and women’s locker rooms
and restrooms. This could be used by WPI’s various division 3 and club athletic teams year-
round. Due to the limited athletic facilities that are now available, many athletic teams must
reserve or share current gymnasium space with the general population of the WPI community.
This can create a restrictive environment for athletic teams that need space to train and condition.
With the addition of a new indoor athletic training facility, sports teams would have additional
designated space to train, especially during the winter months when outdoor fields are not

available.
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Varsity sports at WPI often require the use of conference rooms to hold team meetings.
Currently the space designated for sports teams to hold team meetings is very limited, amounting
to one dividable room in the Sports and Recreation Center. This space usually is shared with and
used by the WPI administration and faculty for meetings. The proposed athletic building also
includes space for offices and conference rooms on the second floor. These rooms can be used

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

This project aimed to both provide access to a currently underutilized portion of campus
and increase the amount of recreational space available to students. By developing this new
athletic facility and enclosed pedestrian bridge, the Institution would be able to continue to grow
in size and increase its sphere of influence to a larger number of current and prospective
students. In order to properly deliver this project, certain background knowledge and
understanding were required. This section provides the necessary information regarding the
numerous factors that were taken into consideration within the design of these structures.
Information regarding the current status of the project site, pertinent material properties, and the
project’s impact on the community can be found in this section. In addition, relevant regulatory
provisions and design parameters necessary to deliver safe and constructible structures can also

be found here.

2.1 Assessing the Need

The need for a bridge was assessed through the evaluation of the Worcester Polytechnic
Institute (WPI) campus as a whole and through an interview with Dana Harmon, The Director of
Physical Education, Recreation, and Athletics (Harmon, 2017). The initial thought of a
pedestrian bridge came from the fact that the campus extends over Park Avenue and safety is
always a concern. Park Avenue has four lanes of traffic (two in each direction), and there are
only crosswalks on either side of campus. The bridge would connect the Alpha Tau Omega
Fraternity House, The President’s house, and a residential campus house to the rest of campus
with little safety concern. Having a travel way that WPI’s students and employees can safely
access would decrease the likelihood of injury crossing Park Avenue. Also with a bridge located
between the existing Salisbury Street and Institute Road intersections with Park Avenue,
commuting time will be cut down by a few minutes because travelling to the perimeters of the
campus wouldn’t be necessary. Additionally, the tennis courts may be used more often and
students accessing the courts would be in less danger crossing the street.

Dana Harmon spoke about the different athletic buildings she has seen on campus. With
the growing success of the WPI athletics program, there is a need for more space for equipment,

training facilities, and rehabilitation. In recent years, athletics has had a big impact on campus
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and continued support from the student body. Director Harmon mentioned that the new
recreation center has helped maintain that continued support because student-athletes are able to
have their own training space. With varsity sports, club sports, intramural sports, and physical
education classes, WPI has developed a need for more space to host all of these programs.
Director Harmon also mentioned that having multiple-use spaces would benefit the entire
campus. With a surface that can withstand outdoor cleats, indoor shoes, and regular sneakers, all
athletics can use the surface for practice and training. The office space would help accommodate

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

2.2 Community Impact

The bridge and building will both positively impact the WPI community and the
Worcester community. The pedestrian bridge would allow students and faculty to have a safer
commute from the main campus to the new athletic facility and would allow drivers to be less

interrupted by pedestrian traffic.

2.2.1 Massachusetts Zoning Districts

Across the State of Massachusetts, each city or town is required to have ordinances and
regulations regarding the different zoning districts within the city or town. The defined zoning
districts regulate the different types of land use that may occur. The districts included in

Worcester, MA are listed in Table 1.

Table 1: Various Zoning Types Present in Worcester, MA

Worcester Zoning Districts
Residential Institutional
Industrial Airport
Business Open Space
Manufacturing Overlay

Each of these districts have sub-areas which involve different permitting requirements for
the types of land use. Permits within these zoning districts fall into four usage areas, each with a
set of subsections: residential use, general use, business use, and manufacturing use. Usage is
either permitted in the district, not permitted in the district, or requires a special permit.

According to the Worcester, MA zoning map dated February 6th, 2017, the proposed site falls
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into the Institutional (Educational) district of the City of Worcester which is consistent with the
rest of the WPI campus. In accordance with Article IV Section 2 Table 4.1, non-residential
parking facilities, recreational/service facilities, and schools (non-profit) are permitted in the
Institutional (Educational) district of Worcester. According to Article IV Section 4 Table 4.2,
there is no minimum area or frontage; the front, side, and rear setbacks are 15 feet, 10 feet, and
10 feet respectively; there is no maximum number of floors or maximum height; and there is no

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

2.2.2 Impact on the WPI Community

When the current Sports and Recreation Center was constructed, health insurance costs
for WPI’s faculty and staff were reduced (Harmon, 2017). This was because the new center
opened up more space for the WPI employees to work out and gain the healthy benefits of
exercise. A new athletic performance center would have additional space for offices and the
athletic training staff, creating more recreation space in the current Sports and Recreation Center
for students, faculty, and staff. As the number of students in the incoming classes continues to
increase, it is important that the space provided can handle the student body. A new campus

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

2.2.3 Impact on the Greater Worcester Community

The City of Worcester is heavily reliant on the students, faculty, and visitors of the
twelve universities that make up the Worcester Consortium. Every year thousands of students
move to Worcester to earn an education and grow as individuals. These students help drive the
local economy by providing a steady flow of revenue and labor. Students also lead community
service and social activism movements that help to improve the quality of life for the permanent
residents of the city. Improving the quality of the facilities at one of Worcester’s most prevalent
universities will attract more highly-talented students to the city and help the local economy
continue to grow. Outside of the increased student population, the proposed facility will provide

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

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

considering this initial investment one must consider the major costs of engineering services,
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construction materials and building systems, project management, and long-term maintenance. A
cost analysis was performed following the completion of the final structural design of both the
bridge and the athletic building. The 2017 Building Construction Costs Book with RS Means
(Plotner, 2017) was used to create this cost analysis. However, in order to provide a rough
estimate for the new facility, similar facilities’ costs can be utilized. The 78,000 ft>. Foisie
Innovation Studio and Messenger Residence Hall will cost Worcester Polytechnic Institute
approximately $49 million (WPI 2017). While the Foisie facility provides living spaces and does
not include a pedestrian bridge, it does provide insight into the cost of erecting a new building in
Worcester, MA. The proposed athletic facility will provide approximately 51,000 ft* of extra
space to WPI. By making a direct comparison to the Foisie Studio it can be inferred that the
proposed athletic building would cost approximately $32 million.

Recently, the City of Worcester was ordered by a Superior Court to construct an elevated
pedestrian bridge connecting the DCU Center to the Hilton Garden Inn and the Major Taylor
Parking Garage in the City’s downtown district (Moulton 2016). This mandate comes following
a recent traffic accident in the area. The proposed bridge is to be 275 ft. long and 10ft. wide, and
has an estimated cost of $10 million. The proposed pedestrian bridge on WPI’s campus would
span approximately 450 ft. and be 10 ft. wide. Using the same direct comparison method used
above based on the cost per linear foot of the span, a rough cost estimate of the proposed bridge
is $16.4 million. When added to the cost of the athletic building, a total project cost of $48.4
million can be derived.

It is important to note that the direct comparison method does provide good insight into
construction costs in the Worcester area, but it does not provide exact values for the project.
There are numerous differences between the proposed facility and the two projects used as
reference. The new building will require a parking lot, field turf, and different finishes, etc. than
the Foisie studio which will alter the final project cost. The pedestrian bridge also differs as it
will be enclosed and have various security restrictions. The proposed building and bridge would
also be built at a different time than the example projects, altering the cost estimates further. For
this reason, the cost estimate that was prepared for the two proposed structures should be seen as

a preliminary projection.
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2.3 Common Construction Materials

In this section various construction materials are reviewed to assess whether or not they
will be beneficial and feasible in the proposed athletic building and bridge. The current materials
used on campus will also be taken into consideration in order to keep the similarities on campus

and also due to some architectural constraints.

2.3.1 Concrete

Concrete is a composite material that consists of cement, water, aggregate, and
sometimes admixtures. It is formed by a chemical reaction, called hydration; concrete forms a
unique material that gets harder over time.

Aggregate is a granular material that is typically classified into two forms, fine aggregate
and coarse aggregate. Various materials can be used for aggregate, including sand, gravel,
crushed stone, or iron-blast furnace slag. Slag also has cementitious properties and may be used
to reduce the cement content. Aggregate forms are determined through careful sieve analysis by
passing through a set of sieves with progressively smaller mesh sizes. All material that is
retained on the #4 sieve and larger is classified as coarse aggregate, and the material that passes
through the #4 sieve is classified as fine aggregate. By grading the aggregate material an optimal
particle size distribution can be determined, which results in the maximum packing density,
where smaller aggregate particles can fill the spaces between the larger particles. This minimizes
the amount of cement needed in the concrete and generally leads to improved mechanical and
durability properties of the concrete.

In concrete, cement is the binding material for the aggregate. The most common cement
used is Portland cement. Portland cement hardens through the chemical process of hydration,
beginning as soon as the Portland cement touches water. This process produces a strong
chemical bond, which makes the compressive strength of concrete possible. The material
obtained immediately upon mixing of the various concrete ingredients is called fresh concrete,
while hardened concrete results when the cement hydration process has advanced sufficiently to
give the material mechanical strength. In the United States, the strength is determined 28 days
after casting, but this only represents about 90% of the potential compressive strength and is
usually sufficient to support the necessary loadings. Curing must be done in a controlled

environment in order to ensure that none of the water needed for the hydration process is lost.
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Abnormally fast drying can cause structural cracks or tensile failures due to the uneven nature of
the curing process. This problem can be avoided by controlling the moisture content by covering
curing surfaces with sheets of plastic or canvas or by periodically spraying them with water.
Water is an essential ingredient in concrete because the water-to-cement ratio helps determine
the final strength of concrete. The general rule is to add the minimum amount of water necessary
to ensure that all of the aggregate is saturated and that the concrete remains fully workable until
it is set in its forms. In most concrete mix designs, the water-to-cement ratio can range from 0.3
to 0.6. If there is not enough water present in the mix, the concrete may harden prematurely and
leave voids in the finished product. On the contrary, too much water can weaken the compressive
strength of the concrete and result in structural failures.

While aggregate, cement, and water are the main ingredients of concrete, various mineral
and chemical admixtures can be added. These admixtures have been developed over time to
allow concrete to be utilized on various projects with different needs and environments. For
example, air-entraining agents are often used to improve the freeze-thaw resistance of concrete.
Voids in concrete are often filled with water and by adding air bubbles there is space for the
water to expand when it freezes, which reduces cracking. There are also water-reducing
admixtures that increase the workability of concrete which allows for the use of less water in the
mix design, resulting in increased strength and durability. Retarding admixtures are often used
on projects when delays in concrete placement are expected because these admixtures shorten
the period needed to commence the hydration process.

Concrete is one of the most versatile and most widely used construction material
worldwide. Most commercially produced concrete has compressive strengths between 3,000 and
5,000 psi. If loaded in tension, the material fails at a stress much lower than that, typically of the
order of 10% of the compressive strength. Because the tensile strength of concrete is much lower
than its compressive strength, it is typically reinforced with steel bars. This creates an efficient

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

2.3.2 Steel

Steel is another widely used material in construction. It is able to be used to deliver cost
effective and sustainable buildings. Off-site manufacturing improves safety and construction
speed, reduces waste, and leads to better quality results. Steel construction is especially useful

when creating educational buildings, which often need to be erected in a short period of time.
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For university buildings, steel construction is very useful to due the speed of
construction, adaptability and flexibility, safer construction, minimized disruption, and aesthetic
capabilities. The use of components prefabricated off-site allows for construction periods to
conform to the academic year. Health and safety is improved due to increased control over off-
site manufacturing, which is important if construction is in parallel with educational activities.
Long span steel construction allows for large column-free spaces and for rooms to be flexibly
configured to meet changing educational needs. Furthermore, steel is a highly useful material for
bridge design not only from a material standpoint, but also from an architectural standpoint. Steel
can be fabricated into a wide variety of architectural shapes, which can allow for more
architectural and aesthetically pleasing features.

In bridge design, steel offers many attractive advantages. One of the most important
advantages steel offers is its high strength to weight ratio. This may be a crucial advantage when
it comes to the design of the new pedestrian bridge and could have many positive impacts on the
design of the bridge. One of the most important factors that the high strength to weight ratio
could impact is that it will allow the bridge to carry a greater load for a shallower depth. Since
the bridge design is constrained by clearance requirements over State Highway 122A, this would
be an ideal material to utilize because it can carry a greater load for a shallower depth. Since
steel has a high span-to-depth ratio, it would be useful when designing the pedestrian bridge.
Additionally, the transportation and placement of the required beams may be easier due to their
low self-weight. Steel may also contribute in the reduction of construction time. During the
bridge construction the road may need to be closed temporarily, which is not favorable on a busy
state route. It is easy to see why the closing of this area for an extended period of time would be
unfavorable. With many of the components of the bridge being prefabricated, construction time

would be greatly minimized.

2.3.3 Timber

Timber is another construction material used in various types of construction. The
interest in green materials for construction and reduction of carbon footprints in urban
development continues to grow, and it is important that building materials aid in sustainability
and zero-waste usage practices. Among various construction materials, timber has the potential
for use in green design. Currently, timber is primarily used in low-rise and small residential

buildings.
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Timber has a high strength-to-density ratio and is an extremely versatile and flexible
material. These qualities make timber a compatible material with concrete and steel in certain
building applications. Another important quality of timber is its resistance to fire. Timber is
currently used in some low-rise building applications and has demonstrated favorable fire-
resistance capabilities. Even though timber has several qualities that make it a favorable
construction material in various applications, it was determined that it would not be explored
further in the design process of the building and bridge. This decision was made primarily due to
current campus aesthetics. The WPI campus currently consists mostly of buildings made from
concrete or steel, with many having brick detailing on the outside as well. A timber building or
bridge would not fit into this campus architecture as well as concrete or steel. Also, both the
building and bridge need to have large open spans, and both concrete and steel provide greater

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

2.3.4 Composites

In addition to concrete and steel, composite construction is becoming increasingly
popular in bridge design and building construction. They are most often used as an alternative to
reinforced concrete decks, but there are some limitations of composite materials. Composite
construction exists when two different materials are bound together so strongly that they act
together as a single unit from a structural point of view. In bridge design, composite action
means that the steel structure of a bridge is fixed to the concrete deck so the steel and concrete

act together, helping to reduce deflections and increase strength.

2.4 Bridge and Building Systems

The structural performance of a structure is dependent upon a multitude of factors, such
as materials, intended usage, and structural system. There are various types of bridge and
building systems that all have different advantages and disadvantages. This section will discuss

the function and characteristics of these systems.

2.4.1 Suspension Bridges
Suspension bridges provide structural support through high strength steel cables anchored
in abutments on both ends of a bridge’s span that are strung over large pylons located at two

equidistant points along the span. Suspenders (vertical steel connectors) attach the main cables to
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the bridge deck (Duan, 2015 B). A diagram of this bridge system can be found in Figure 1.
Suspension bridges can be either self-anchored or externally anchored. Self-anchored bridges
anchor the main cables into the bridge deck itself, while the externally anchored systems make

use of large concrete abutments to provide anchorage.

Figure 1: Suspension bridge diagram (Lamb, 2000)

There are numerous reasons to employ a suspension bridge system, the first being the
economic savings. Suspension bridges require a very small amount of materials relative to the
span lengths achievable by these systems. There is also a cost savings in the construction phase
as there is no need to construct temporary span supports when installing the bridge deck because
the steel cables accomplish this sufficiently (Duan, 2015 B). These bridges, when done properly,
have the ability to stand as architectural statements such as the Golden Gate Bridge. However,
there are also disadvantages to suspension bridge systems. These bridges are extremely flexible
and can experience high deflection values caused by large gravitational or lateral loads. This can
cause problems in applications that are subject to extreme weather conditions. In addition, these
systems are highly reliant on the compressive strength provided by concrete piers, foundations,
and abutments, while the anchorage relies on tension. In cases where the soil does not provide

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

2.4.2 Truss Bridges

Truss bridge systems make use of horizontal, vertical, and angled members to provide
structural support as seen in Figure 2. They can be seen as a flexural girder with the chords as
flanges and a web of triangular member arrays. The top and bottom chords carry the majority of
the moment while the vertical and angled members are responsible for shear forces (Duan,
2017). Various types of bridges make use of trusses as structural support; through-truss and deck

truss bridges are the most typical configurations implemented. Through-trusses locate the deck
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along the bottom chord, while deck trusses make use of the top chord for the bridge deck.

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

(‘Nnmnroceinn
10 RIesSsSIon

/1

- L

l'ension
Figure 2: Truss bridge diagram (Robb, 2016)
Similar to suspension bridges, truss bridges have both advantages and disadvantages.
Truss bridges behave well under dynamic loading, such as vehicles, and have high resistance
against lateral forces. They are also built with smaller, light-weight members which makes
transportation and erection much simpler. Due to their light weight, these bridges require less
compressive strength from the soil than suspension bridges, making them a good alternative for
applications where the soil is not strong enough for a suspension bridge. The primary
disadvantage of truss bridges is the complexity of the construction phase. All of the steel

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

2.4.3 Arch Bridges

Arch bridges are the oldest form of bridge system. They employ one vertically-curved
compression member that transfer forces to foundations located at both ends of the span as seen
in Figure 3. Materials for this system vary from timber to stone to steel, which provides flexibility
in the design process. The arched member is responsible for the majority of the structural
support, with vertical suspenders providing auxiliary support (Duan, 2015 A).

Like all bridge systems, the arch bridge is not applicable to all conditions. The major
advantage to arch bridges is that all members are subject to compression which allow for a wider
range of construction materials. This can decrease the overall cost of the bridge and make this a
valid system option where materials are limited. However, as the span length of these bridges
increases, tension can begin to propagate throughout the members, potentially causing failure.

With larger spans, the middle members of an arch bridge develop tensile forces in the bottom
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which may cause cracking. This limits the usable span length of these bridges. Therefore, arch

bridge systems are not optimal for large span applications.

compression |

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

2.5 Engineering Design Parameters

Safety plays a major role in any design; for this reason it is important to comply with the
regulatory agencies that govern the design and construction industries. For the proposed
pedestrian bridge and building, the designs will be created in accordance with criteria in the
design criteria documents displayed in Table 2. In the state of Massachusetts, it is critical that
current and future transportation structures be in compliance with provisions of the American
Association of State Highway and Transportation Officials (AASHTO), the Americans with
Disabilities Act (ADA), and the Massachusetts State Building Code (780 CMR).

Table 2: Pertinent Design Parameters

Design Aspect Regulatory Agency Design Criteria

American Association of State Highway and | LRFD Guide Specifications for

Transportation Officials (AASHTO) the Design of Pedestrian Bridges
Pedestrian Bridge
Americans with Disabilities Act (ADA) Standards for Accessible Design
Massachusetts Department of Transportation Massachusetts LRFD Bridge
(MassDOT) Manual
oy 780 CMR: M husett
State Board of Building Standards and assaciuise .S
Reoulations Amendments to the International
. . u o
Athletic Facility £ Building Code 2009

Americans with Disabilities Act (ADA) Standards for Accessible Design
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2.5.1 AASHTO Design Criteria

Due to the pedestrian bridge’s location over MA Route 122A, the bridge must be
constructed in accordance with the requirements of the Federal Highway Association and the US
Department of Transportation. The Massachusetts Department of Transportation refers to the
AASHTO design specifications for all of its bridge design criteria with some modifications.
There are numerous parameters that must be considered when designing a structure of the
magnitude of the proposed pedestrian bridge. One of which being the vertical clearance required
over Park Avenue, which according to AASHTO is 17.5 ft. above the road surface (WSDOT,
2017). The manual also has requirements for allowable deflections, span-depth ratios,
foundation parameters, drainage, and material requirements for structures passing over highways
(AASHTO, 2014). This publication proved essential in the design of the pedestrian bridge to

pass over Park Avenue.

2.5.2 ADA Design Criteria

It is essential that the both building and pedestrian bridge designs adhere to the
American with Disabilities Act (ADA) standards (Department of Justice, 2010). Table 3 shows
the corresponding reference sections and parts of the section that the criteria can be found in the
ADA standards and design criteria. The table also states the design criteria that are relevant to
the design of the pedestrian bridge, including slope requirements and handrail design
requirements. These criteria were used during the design of the pedestrian bridge to ensure

appropriate access to all facilities.

Table 3: ADA Design Parameters

Section Design Criteria

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

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

303 No vertical change in elevation greater than %4 and if the surface is to be ramped.

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

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

walking surfaces shall not be less than 36”.

505 Handrails must be continuous along the entirety of the walking surfaces length.
Handrails are not required on ramps with a running slope of 1:20. The gripping surface

of the handrails must also be unobstructed for at least 80% of its length (with a 1-1/2”.
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Chapter 4 of the ADA Design Standards provides information regarding accessible
routes. This chapter states that, in general, accessible routes must consist of one or more of the
following components: walking surfaces with a running slope of 1:20 or less, doorways, ramps,
elevators, or platform lifts. For walking surfaces, the clear width must be a minimum of 36
inches. However, the clear width is permitted to be reduced to 32 inches minimum for a length of
24 inches maximum provided that the reduced width segments are separated by segments that are
36 inches wide minimum and 48 inches long minimum. Door openings shall provide a clear
width of 32 inches minimum. The clear width of an accessible route is shown below in Figure 4,

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

24 max 24 max
610\ / 810

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

32 min 32 min
T 815 T 815
= - -
(a) (b) (€
hinged door sliding door folding door

Figure 5: ADA Door Clearance Requirements (Department of Justice, 2010)

Both of these clear width standards for walkways and door openings, respectively, were
critical to use during the design of the pedestrian bridge. These standards will also impact the
entry from the pedestrian bridge to the proposed building. When looking at connection options,
these standards were taken into consideration to ensure walkways and doorways comply with

clearances and other design parameters (Department of Justice, 2010).
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There is also an ADA Standards section regarding elevators. While the design of the
proposed athletic facility does include an elevator, the specific design of the elevator itself was
not completed for this project. However, it is still important to be aware of the elevator standards
for potential constructability or other issues that may occur during the design process
(Department of Justice, 2010).

Chapter 5 of the ADA Standards provides criteria regarding General Site and Building
Elements. The design of the pedestrian bridge will also require handrails, and due to this it is
important to use the criteria in the ADA Standards during the design process. Along the entire
length of the walkway, handrails shall be provided on both sides of the walking surface. The top
gripping surface of handrails must be between 34 and 38 inches vertically above the walking
surface, and this height must be consistent along the entire length of the surface. This can be seen
in Figure 6. Clearance between handrail gripping surfaces and adjacent surfaces must be a
minimum of 1.5 inches. This can be seen in Figure 7. The handrail gripping surfaces must be
continuous along their length and not obstructed along the top or sides, and the bottom of the
gripping surface shall not be obstructed for more than 20 percent of the entire handrail length

(Department of Justice, 2010).

1% min
38

Figure 6: Handrail Clearance with Adjacent Surfaces (Department of Justice, 2010)

a/oom/ = =
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58 23 <
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(a) (b) (©)
stairs ramps walking surfaces

Figure 7: Handrail Height Clearance (Department of Justice, 2010)
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2.5.3 Massachusetts Building Code Design Criteria

The parameters gathered from the Massachusetts State Building Code 8th Edition, which
includes the 2009 International Building Codes and ASCE 7-05 were the primary provisions
affecting the design of the proposed athletic facility. ASCE 7-05 was in effect at the start of the
project in August 2017 but the 9" edition became in effect as of January 1%, 2018. The
publication contains wind, snow, and seismic loads and load factors to assume, given the
location of the project (2009, International Code Council). Sections taken into consideration for
the scope of design include: the Use and Occupancy Classifications; the General Building
Heights and Areas; Types of Construction; Means of Egress, Energy Efficiency; Structural
Design; Structural Tests and Special Inspections; Soils and Foundations; Concrete; Steel; and
Safeguards During Construction.

Under the Use and Occupancy Classifications, the theoretical building being designed
falls into two groups: Assembly Group A-3 and Business Group B. A-3 describes larger function
halls used for recreational use, which pertains to the athletic field portion of the building and the
athletic equipment portion of the building where the weight training and athletic training
machines would be located. B describes the office section of the building and also has the
educational occupancies for students out of high school and in higher education. The potential
building will have a one 30-ft story area of 17,500 ft*> and a two-story area of 17,500 ft? limiting
the overall type of construction for these two groups to Type I-B construction. Type I-B
construction consists of construction elements where the primary structural frame, the interior
and exterior bearing walls, the floor construction, and the roof construction are made of
noncombustible materials which have 2 hour fire-resistance rating requirement.

The structural design followed the design conditions for LRFD which includes different
load combinations, deflection limits for members, dead and live loads, snow loads, wind loads,
soil loads, and seismic conditions. For the soil, concrete, and steel components of the design,
provisions from the International Code Council governed the materials, quality control, design,

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

2.5.4 International Code Council Wind and Seismic Design Code Master
To assist in the use of the various structural code requirements, code masters were used.
The code masters are used as guidelines for the calculation of certain forces, such as wind and

seismic forces that act on structures. To calculate the wind pressure acting on the face of the
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building, the Wind Design Overview Codemaster (Structures and Code Institute, 2009) can be
used which can have up to 12 steps that must be followed to determine the Net Design Wind
Pressure. This code master breaks the process of calculating the wind pressure into multiple
steps. Each step refers to a different calculation that references a different section to the code
book, such as American Society of Civil Engineers (ASCE) 7-10 or the International Building
Code (IBC). To calculate the seismic forces action on the building, the Seismic Design
Codemaster (Structures and Code Institute, 2013) can be used which can have up to 11 steps that
must be followed to determine the Seismic Base Shear and Seismic Load Effects. This code
master breaks the process of calculating the wind pressure into multiple steps. The code master
refers to the IBC 2012 and ASCE 7-10. These code masters can be helpful to standardize and

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

2.5.5 LRFD Design Specifications

Load and Resistance Factor Design (LRFD) is a limit state design method used in
structural engineering. A structure designed using the LRFD method is proportioned to sustain
all actions likely to occur during its design life and to remain usable. Previous to that, the design
of steel structures was based solely on the Allowable Stress Design (ASD) or Working Stress
Design (WSD) method. The LRFD method is used widely across the structural engineering
industry, and was instituted by AASHTO in 1994. This method is based on reliability theory and
statistics, and provides a uniform reliability for all limit states. Advantages of using the LRFD
method on projects includes that it accounts for variability in load and resistance, achieves a
uniform level of reliability, and it provides a uniform level of safety. For the design of building
and pedestrian bridge, the LRFD design method was used.

For bridge design, AASHTO published the LRFD Bridge Specifications. The Federal
Highway Administration mandated that as of October 1, 2007, all new bridges in the United
States must be designed according to the LRFD code. The initial publication of the LRFD Code
also succeeded in establishing a framework for introducing the bridge engineering community to
the notion of a complete structural design specification on the basis of reliability theory while
including a significant amount of recent engineering developments. For example, some of the
most important were provisions for gravity loads, gravity load distribution, steel and concrete
beam design, and concrete deck design. AASHTO has a variety of LRFD manuals dependent on
bridge type, so the one specifically incorporated into the design of this project was the LRFD
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Guide Specification for the Design of Pedestrian bridges (American Association of State

Highway and Transportation Officials, 2009). This manual provided the necessary information
on load combinations, formulas, and basic design methods. All three of these were important to
learn about during the design of the pedestrian bridge in order to develop a design that satisfies

all limit states.

2.5.6 Ethics

Many designers follow a number of codes that act as guiding principles for engineering,
design, and construction decisions. Codes often protect both workers and clients from poor
business practices. The American Society of Civil Engineers (ASCE) states that “ethics is
integral to all decisions, designs, and services performed by civil engineers.” Not only the public
trust but also their lives, safety, and welfare depend on professional engineers' efficient, safe, and
economical performance of their duties. ASCE has programs, policies, and resources that are
designed to help professionals understand their ethical obligations and how to incorporate them
into their professional careers. For this project, designs for the pedestrian bridge and building
were developed while upholding the principles stated by ASCE. These principles state that
“engineers uphold and advance the integrity, honor, and dignity of the engineering profession by
using their knowledge and skill for the enhancement of human welfare and the environment,
being honest and impartial and serving with fidelity the public, their employers and clients,
striving to increase the competence and prestige of the engineering profession, and supporting
the professional and technical societies of their disciplines” (ASCE, 2017).

As an academic activity, it can be very easy to ignore or alter problems that are faced
during the design of the pedestrian bridge or building. The same ethical policies and principles
were upheld, however, as if this project was for actual delivery. This includes the risks and
dangers involved in designing infrastructure that will be used and occupied by students and
faculty. During the design process of the proposed structures, the governing regulatory
requirements and design standards were used, and issues related to safety were not ignored. By

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

2.6 Sustainability

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

proposing a new structure. Designing structures to be sustainable not only makes economic
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sense, it also makes ethical sense. Being a technical and engineering school, WPI promotes
sustainability with great significance. This means that any building or structure that WPI builds
in the future will need to be sustainably designed and environmentally friendly (Ryan, 2017). As
students of this Institution and future civil engineers, it is an ethical duty to ensure that this
project is delivered in a manner that is both environmentally-friendly and sustainable for the
generations of community members to come. Designing a structure for sustainability means that
it has a smaller impact on the environment, whether that impact be immediate or in the future,
and it ultimately means leaving a better planet for the next generation. Reducing the
environmental impact of a construction project could include reducing the amount of energy
used to build it, reducing the amount of greenhouse gases released from construction or
materials, or reducing the amount of energy the building consumes over its lifetime.

Designing a bridge or building with sustainability in mind, requires conscience decisions
on the building materials, design, and construction processes that will be used. “Humphreys and
Mahasenan (2002) estimate that the cement industry is responsible for 3% of global
anthropogenic greenhouse gas emissions and 5% of global anthropogenic CO2 emissions”
(Noguchi, 2015). This shows that using cement to build a structure has environmental impacts
that must be taken into account when designing sustainably. The amount used isn’t the only
concern though. “Service life can be dramatically extended with little or no increase in — or even
a reduction of — the environmental load” (Vanderly, 2003). If the service life of the cement and
concrete structure can be extended less cement will be needed overall, saving life cycle costs and
reducing emissions and energy usages.

When designing a structure, not only must the designer be critical of the global impact,
but also of the local environmental impact. When a structure is built on a particular site, the
properties of the location can change dramatically. For example, the area of permeable surface
can decrease, causing an increase in rainwater runoff, and altering the current runoff and
drainage characteristics. This can impact the local environment in many ways that are difficult to
predict as is the case with erosion, flooding, and chemical dispersion. Depending on the site, a
new structure may also alter or destroy animal and plant habitats, displacing or placing stress on
the local community. For this reason it is important to asses each site and design ways to
minimize the structure's impact on its surrounding area. Possible strategies that can be used or

anticipated include minimizing asphalt parking, planting native trees and plants, using noise and
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dust mitigation techniques during construction, and minimizing external light emissions and
pollution at night with smart lighting. When changes must be made to the local site, the impacts
should be fully assessed and analyzed prior to construction in order to be prepared for potential

complications.

2.7 Design Tools

In order to increase the efficiency of the structural design and analysis processes, various
software and computer programs were utilized. This section discusses the uses of RISA 2D,

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

2.7.1 RISA 2D

RISA 2D is a structural analysis software that allows users to create computer models of
the structural members they have designed. These members are then arranged into the required
structural configuration. Loads and load factors can be applied to the structure in both the
vertical and horizontal directions to simulate the various load combinations that must be
considered for design. The software is capable of analyzing the effects of the loads on the given
structure and determining moment, shear, and deflection values. These values can then be used
to size structural members and components and to ensure that the structural design is within the

requirements established by the pertinent regulatory body.

2.7.2 AutoDesk Revit

AutoDesk Revit is a 3D modeling software typically used for creating structural and
architectural models of structures. The software allows the design to be created in 2D and
develops that model into a 3D representation of the final product. Structural members such as
trusses and columns can be created, as well as architectural finishes such as the fagade and
windows. This software was employed to create 3D renderings of the final structures to provide a

proper visual representation of the final design.

2.7.3 AutoDesk AutoCAD

AutoDesk AutoCAD can be used for both 2D and 3D modeling. It is useful in creating
floor plans, elevation views, and detail drawings. The software allows designers the freedom to
create and edit their designs until a solution is established. This software was primarily used to

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

Due to the nature of designing structures with numerous different loads and loading
situations, the hand-calculations can become repetitive. Microsoft Excel software provides the
ability to create spreadsheets capable of performing the necessary calculations for multiple
iterations of similar member types. The software makes use of data and formulas to output the
necessary design values. The sheets can be repeated, increasing the speed and efficiency of the

design process.
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3.0 Methodology

The following section contains information regarding the methods used to determine
design procedures, select structural systems, perform calculations, and design certain members
and components. This section discusses the preliminary design methods, the design of the
proposed athletic building, the design of the proposed pedestrian bridge, and the methods used to

present the final results.

3.1 Preliminary Design

Prior to the structural design of the proposed athletic building and pedestrian bridge,
some preliminary data and information was obtained. A site walk through and site survey were
conducted by the team members in order to gather information about the site. This was done to
define the area of interest and usable space for the designs. An interview was also conducted to
gain perspective and additional feedback on what the WPI community would want if the
proposed structures were to be built. This was done to define the occupant use and loading for

certain areas of the structures.

3.1.1 Survey

In order to start the design of the two structures, an initial topographical survey was
completed to help locate a solution and define the site geometry. Using the rod and level
technique, elevations were gathered at key points running from the Sports and Recreation Center
to A.J Knight Field. Measurements were taken at a maximum of 10 ft. increments in an attempt
to increase the accuracy of the data, while some measurements were taken at smaller increments
at locations with steep grade changes. It should be noted that due to the site’s close proximity to
a major roadway, high-visibility vests were worn to ensure that motorists were alerted to the field
work.

Once elevations were obtained for the site, a topographical map and cross-section were
created. These representations made it possible to develop a preliminary site layout and set

geometric criteria of the site.
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3.1.2 Interview

An interview was conducted on September 15th, 2017 with the Director of Physical
Education, Recreation, and Athletics, Dana Harmon (Harmon, 2017). The interview provided
additional insight for the usage and floor plan of the proposed athletic building. A list of
questions was compiled to ensure that the necessary information was obtained. Director Harmon
was able to provide additional aspects of the building which were not initially considered. The
information obtained from this interview along with the site survey was used to develop the

preliminary design for the building layout and bridge location.

3.1.3 Sources for Design and Calculations

This section summarizes the different sources that were used to design and perform
calculations for the members of the pedestrian bridge and athletic building. Table 4 shows the
reference building codes and design specifications used. The information taken from the

resources are also indicated in the table.

Table 4: Sources Used to Complete the Following Procedures.

Design References

AASHTO LRFD Bridge Design Specifications e Bridge Pier Design
(Knovel, 2010) e Bridge Footing Design
MA Building Code, 8th Edition (Riley, 2010) e Design Wind Loads
Design Seismic loads

Design of Reinforced Concrete Structures e Design of bridge footings
(Subramanian, 2013) e Bridge pier interaction diagram
ASCE 7-10, 13 Edition (American, 2010) ¢ Building Wind Design Loads

e Bridge Wind Design Loads
Wind Design Overview Codemaster (Structures e Building Wind Design Loads
and Codes Institute, 2009). e Bridge Wind Design Loads
International Building Code 2012 (ICC, 2012) e Building Seismic Design Analysis
Seismic Design Overview Codemaster ¢ Building Seismic Design load
(Structures and Codes Institute, 2013). e Bridge Seismic Design Load
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3.2 Design of Athletic Facility

This section details the various steps associated with the planning, floor lay-out,
structural design, and calculation of the new athletic facility. The building was designed from the
top down starting with the building roof and ending with the support footings. All calculations

were performed using LRFD methods.

3.2.1 Building Roof System Analysis

Two options were considered for the roof system of the proposed athletic building, a
beam-and-girder system and a truss system. Load and Resistance Factor Design (LRFD)
methods were used when considering the loads, load combinations, and design process. In Figure
8 and Figure 9, the steps for the design of the beam and girder system and truss system can be
respectively seen. Due to the current standards, hot-rolled, wide-flange shapes, 60 ksi steel was
used for the design of the beam-and-girder system. After both systems were designed and
investigated, the truss system was chosen due to its relatively higher weight-to-strength

efficiency when compared to the beam and girder system.

[ Determine Loading and Material Properties ]

v

[ Determine max moment and required plastic section ]
modulus

A

[ Select a member size to adequately withstand the moment ]

v

Update loading to include self-weight

v

Check live load and total load deflections

[ Are deflections ok? ]—> No

Yes

Figure 8: Procedure Used to Design a Beam and Girder System.
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[ Determine loading, material properties, and truss geometry }
[ Calculate snow, wind, and pedestrian loads 1

v

[ Convert distributed loads to point loads at truss verticals 1

v

[ Find max force in top and bottom truss chord }
[ Find max force in truss diagonal ]

[ Check design capacity of pertinent members }

Figure 9: Procedure Used to Design the Building Roof Truss System.

3.2.2 Building Second Floor Design and Analysis

A beam and girder system was considered for the 2nd floor of the proposed athletic
building and was designed using LRFD. This type of system was chosen due to its weight
reduction and construction speed when compared to reinforced concrete as well as its height
when compared to a truss system. The steps used to design the beams and girders can be seen in
Figure 10.

Two different systems were analyzed for the floor decking on the second floor including
a hollow-core precast concrete slab system and a solid reinforced concrete slab. Calculations
were completed to determine the weight of each system in order to minimize the dead load on
the second floor. Other considerations that were taken into account when selecting a flooring
system included cost, time, serviceability, and aesthetics. The second-floor, slab design also
followed LRFD design criteria and the steps used can be seen in Figure 11. For a more detailed
process, consult Appendix E with the calculations. After both decking types were designed and
analyzed, it was determined that the precast hollow-core planks would be lighter and would

allow for faster construction since they would not have to be cast in place. After considering
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these factors, the pre-cast planks were chosen to be used on the second-floor of the proposed

deflections and
total
deflections.

athletic building.

Assion Determine Calculate

mem%)er lavout loading (dead Determine maximum

and tribu tay —» and live). governing load —» moment.

width Ty Calculate live combination. Select W-

’ load reduction. shape size.

Check live Recalculate
load loading using

— member self-

weight. Check
member size.

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

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

[ Estimate height and calculate moment }

[ Determine the ratio between area of steel and area of concrete ]

[ Calculate minimum effective depth ]

[ Interpolate to determine longitudinal area of steel. }

Check shear capacitv

1

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

The steel columns were designed following LRFD methods for the proposed athletic
building. W-sections were used for the columns and column segments were sized based on
effective length. The columns were standardized to be only one size for ease in construction. All

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

Assess tributary area and loading for each column and
material properties

[ Determine required load the column must withstand }
¥ A
[ Select member size that is adequate for load }
[ Check column slenderness according to steel selection }
[ Check load capacity (Py vs ©Py) }
[ Is load capacity sufficient? ]—p@

Yes

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

The proposed athletic building employs a symmetrical moment-resisting truss system to
resist lateral loads. The process used to select this type of lateral force resisting system can be
seen in Figure 13.

The Wind and Seismic load analysis for the proposed athletic building followed the
requirements of the ASCE 7-05 with aid from the Wind Design Overview Codemaster
(Structures and Codes Institute, 2009). The wind design loads were calculated using the ASCE 7
Simplified Procedure for the main wind force resisting system (MWFRS). The basic wind speed
for Worcester, MA was found using the MA building code 8th edition Table 1604.11. The wind
design load was applied to each vertical face of the proposed building to calculate the applied
force on the building. The wind force was then transferred from the face of the building to the
braced frames located at the four corners of the building. The use of the steel braced frame
system was chosen based on the evaluation of three different systems. This evaluation can be
found in Table 5. The braced frames were designed to resist the wind loads applied on the
building and resist horizontal deflections at each story of less than 1 in. The calculation for the
building wind load can be found in Appendix E. The process used to select a wind design
method can be found in Figure 13. The process used to design the braced frame system can be

found in Figure 14.

Table 5: Lateral Load Resisting System Evaluation.

Lateral Load Resisting Systems

System Type Advantages Disadvantages
Concrete Shear Walls High strength and lower cost. Longer construction time.
Moment Resisting Frames | More architectural flexibility. Higher cost of connections.
Steel Braced Frames Lightweight and no need for Less architectural flexibility.

moment resisting connections.
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Figure 13: Procedure Used to Design Building Lateral Figure 14: Procedure Used to Determine Wind Design

Load System. Method.

The seismic load analysis for the proposed building followed the requirements in the
ASCE 7-10 (American, 2010), the International Building Code (IBC) 2012 (ICC, 2012), and
the Seismic Design Overview Codemaster (Structures and Codes Institute, 2013). The
earthquake response accelerations, Ss and Si, for the maximum considered earthquake for the
town of Worcester were given using the MA building code 8th edition Table 1604.11 (Riley,
2010). Using these values, the factors and classifications determined in ASCE 7-10, and the
associated loads of the building, the seismic forces were calculated and applied to the
appropriate story on the braced frames located in the corners of the proposed athletic
building. A response modification coefficient value of 3 was used for the building, meaning
that no special seismic detailing was required. The loads included in the seismic calculation
can be found in Appendix E. The Equivalent Lateral Force method was used for seismic
loading. The braced frame system was then designed to resist the seismic forces and control
deflections of the building of less than 1 in. The process used to determine the seismic

loading can be found in Figure 15.
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Figure 15: Procedure used to Determine Seismic Loading on Building.

3.2.5 Building Footing Design and Analysis
The footings for the columns for the proposed athletic building were designed using
allowable bearing pressure method. The steps used to design the column footings can be seen in

Figure 16. For a more detailed process, consult Appendix E with the calculations.
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[ Assess Loading and Material Properties }
v
[ Determine required footing dimensions to withstand loading }
v
[ Determine thickness based on concrete strength and shear capacity }
.
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'
[ Determine ultimate moment in footing }
l

[ Determine reinforcement needed }

Figure 16: Procedure Used to Design Building Column Footings.

3.2.6 Building Elevator Hoist Beam Design

In order to improve the flow of traffic within the building and increase the ease with
which equipment is moved, a hydraulic elevator was placed in the facility’s southern-most
corner. The primary calculation performed on the elevator was to design the hoist beam
responsible for moving the elevator when the hydraulic piston is out of commission. The design
was performed using the LRFD method for beam analysis. The full calculation for this beam can

be found in Appendix E.

3.3 Design of Pedestrian Bridge

This section details the various steps associated with the planning, design, and calculation
of the pedestrian bridge connecting the Sports and Recreation Center and the new athletic
building. The bridge design began with the roof frame and ended with the support footings.
Seismic and wind force calculations were also performed due to the geometry of the structure.
Drawings of the proposed pedestrian bridge were done using software provided by WPI

including Autodesk AutoCAD and SOLIDWORKS.
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3.3.1 Bridge Through-Truss Analysis

Multiple bridge types were considered in the preliminary planning of the pedestrian
bridge. However, given the required span and desire to maximize the clearance height of the
structure, a through-truss bridge was selected. The use of a truss also provides advantages when
compared to other options such as steel girders or pre-stressed concrete. The through truss uses
small steel members making the bridge easier to transport, more efficient, and weigh less than
the other options. The through truss is also unique because the structural members are located
adjacent to the walking area, as opposed to below on the other options. This allows the bridge to
maximize the clearance height below the bridge. The truss was designed using the same
procedure as the building roof truss outlined in Figure 8. The complete calculations can be

found in Appendix F.

3.3.2 Bridge Lateral Force Analysis

The bridge lateral force resisting system was designed to resist the lateral loads applied to
the bridge superstructure. The lateral loads applied to the superstructure included the applied
wind forces, but did not included lateral seismic forces because the proposed pedestrian bridge
was determined to be classified in Seismic Design Category (SDC) A using the procedure
outlined in Figure 15 and Appendix F. SDC A requirements for structures do not include a
specific seismic design to be done. This means that the lateral force resisting system was not
required to be designed to resist seismic loading.

The system chosen to resist the lateral loads and deflections was a horizontal truss system
parallel to the length of the bridge. The procedure used to design this lateral truss can be found in
Figure 13, as it was designed using the same methods as the building lateral load resisting
system. The lateral trusses were placed at the top and bottom of the superstructure connecting the
two through-trusses to minimize twisting under eccentric loading conditions. The calculations for

the lateral truss can be found in Appendix F.

3.3.3 Bridge Roof Frame Analysis

The roof frame of the proposed pedestrian bridge was designed using LRFD. The lateral
members of the frame were designed as steel beams following methods similar to that in Figure
10. The horizontal members of the roof frame were designed as short steel columns following

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

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

3.3.4 Bridge Piers

The pedestrian bridge superstructure is supported by the bridge piers. The piers transfer
the live and dead loads of the superstructure to the bridge substructure. The piers were designed
for the most critical loading and lengths and were applied to all piers for aesthetic and
constructability reasons. Since the pedestrian bridge is exposed to wind and seismic forces in all
directions, the piers were designed to be cylindrical which allows them to resist lateral loading
symmetrically in all directions. Due to the unbraced length of the most critical pier, the piers
were designed for the minimum size to ignore slenderness design concerns. Once this minimum
size was determined, the piers were checked for their ability to resist the imposed superstructure
forces, including live loads, dead loads, and wind loads. This was done using the column
interaction diagram for spirally reinforced cylindrical columns with a concrete strength of 4 ksi

and reinforcement strength of 60 ksi.

3.3.5 Bridge Pier Caps

The pedestrian bridge superstructure is connected to the concrete piers by a column pier
cap. The caps are located at the top of the pier and were designed using LRFD. To design the
reinforced concrete member, the caps were simplified as cantilever beam sections extending
beyond the body of the pier and supporting the forces imposed onto it by the bridge
superstructure. The connection between the pier cap and the bridge through-truss consists of an

elastomeric bearing.

3.3.6 Bridge Elastomeric Bearings

The elastomeric bearings were designed using AASHTO LRFD Bridge Design
Specifications 3rd edition with 2004 with 2005 interims, using method B. There are four
elastomeric bearings located at the top of each bridge pier cap. They are designed to connect the
pedestrian bridge truss chords to the pier caps. They were designed to be circular in order to
provide symmetrical load resistance and dampening in all directions, similar to the bridge piers.
The elastomeric bearings consist of stacked steel plates with alternating rubber dampening layers

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

loads, and lateral loads.

3.3.7 Bridge Footings

The footings for the bridge piers were designed using LRFD and the Design of Concrete
Structures (Subramanian, 2013). The footings were designed as rectangular spread footings in
order to distribute the superstructure loading across the soil beneath. They were designed to
minimize settling and resist overturning of the bridge superstructure. The process used to design
the bridge footings can be found in Figure 17. This process was done for two different footing

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

Appendix F.
4 N
Determine Loading and Allowable Bearing Pressure supporting the Footings.

- J
( * N\
Determine Required Area and Dimensions of Footings.

& J
( * N\
Determine Pressure Distribution Acting on Footing.

& J
( * N\
Determine Required Effective Depth of Footings Based on Governing Shear.

& J
( * N\
Check One-Way and Two-Way Shear capacity.

& J
( * )
Check Required Reinforcement Area and Design Reinforcement.

Figure 17: Procedure Used to Design the Bridge Footings.

3.4 3D Modeling and Cost Analysis

Both a cost analysis and 3D computer models were prepared to help present the final
design to the public. The models and drawings created were done using AutoDesk Revit and

AutoCAD. While the cost analysis was performed using Microsoft Excel.
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3.4.1 Building, Bridge, Merging

Once the building and bridge designs were complete, separate 3D models were created in
Revit. First, a structural model of the building was created displaying the designed beams,
girders, columns, and roof truss. After this, architectural floor plans were created to depict the
materials and facade of the proposed building. This helped to not only visualize the structural
members of the building, but also to view how they connect and what the facade looks like and
Revit was also used to generate schedules and help determine material types and amounts to be
used in the cost analysis. The bridge model was created in a separate Revit file, depicting
structural members and architectural components as well. Once both models were developed,

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

3.4.2 Renderings

Using the 3D model of the pedestrian bridge and athletic building, SightSpace Pro
(SightSpace, n.d.), was used to generate an interactive rendering. SightSpace Pro is a paid
application that converts .DWG files into virtual reality models that can be used interactively to
display a 3D rendering. In addition, Google Sketch Up and Google Earth were used to create a
realistic model of the structures superimposed on the site. These applications were used to

convey design ideas in a visual and consolidated form.

3.4.3 Cost Analysis

The final step in the process of designing this major addition to WPI’s campus was to
develop an initial cost estimation for the project as a whole. Using various models and drawings,
quantity take-offs were performed to establish the total quantity of materials required to
complete the project. These values were input into a Microsoft Excel spreadsheet for ease of
calculation. Once material quantities were established, R.S. Means Square Foot Costs 2016 and
R.S. Means Building Construction Costs Data 2017 were used to determine the costs of materials
and labor for the major components of the construction project. A square foot estimate was used
to calculate the cost of installing MEP items rather than developing full piping and electrical
schedules. The costs were then multiplied by a location factor to adjust for the increased cost of
material and labor in Massachusetts. They were also adjusted for price inflation from the year
2016 to 2017. Lastly, engineering fees and project contingency were added to complete the cost

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

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

Group II project.

Table 6: Typical estimate contingency in Massachusetts (DCAM, 2006)

Project Phase Restoration New Construction
Preliminary Study 20% 15%
Schematic Design 15% 10%

Design Development 10% 5%
Construction Documents 0% 0%
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Building Types
FLCC* I 11 11 v A%
From to
$149,999 14.0% 11.7% 10.0% 8.0% 10.6%
$150,000 $374,999 12.8% 10.8% 9.2% 7.5% 9.3%
$375,000 $749,999 11.9% 10.1% 8.5% 7.0% 7.7%
$750,000 $1,499,999 11.3% 9.5% 8.0% 6.6% 7.2%
$1,500,000 $3,749,999 11.0% 9.2% 7.7% 6.3% 6.7%
$3,750,000 $7,499,999 9.5% 8.0% 6.6% 5.3% 6.2%
$7,500,000  $14,999,999 8.5% 7.2% 5.9% 4.7% 5.9%
$15,000,000  $37,499,999 8.0% 6.7% 5.7% 4.5% 5.6%
$37,500,000 $149,999,999 7.5% 6.5% 5.5% 4.5% 5.3%
$150,000,000 or more 7.0% 6.0% 5.0% 4.0%

* Note: The Fixed Limit Construction Cost (FLCC) is the Estimated Construction Cost (ECC)
as established in the project study adjusted to the projected mid point of construction.

Add 1o Fee:

- for Fixtures & Equipment (F&E) design and selection costs.
(additional service)
- 0.5% for renovation projects

GROUP I

GROUP II

GROUP
11

GROUP
v

GROUPV

Projects of above average complexity as for example: courthouses,
college building with special facilities, extended care facilities, hospitals,
laboratories, specialized portions of correction facilities, and mental
institutions.

Projects of average complexity for example: college classroom

facilities, repetitive elements of correctional and detention facilities,
dining halls (institutional), fire stations, gymnasiums, laundries and
cleaning facilities, office buildings (for single occupancy), park,
playgrounds and recreational facilities.

Projects of less than average complexity as for example: armories,
apartments, dormitories, exhibition halls, skating rinks, and service
garages.

Utilitarian buildings as for example: parking structures and repetitive
garages, simple loft-type structures (without special equipment), and
warchouses.

Repairs/renovations of limited complexity involving primarily a
single discipline (engineering or architecture), i.e. roofs, masonry
repairs, window replacement, mechanical/electrical plumbing work,
ete.

Figure 18: Typical design fees for construction projects in Massachusetts (DCAM, 2015)

38



MQP LDA-1801

4.0 Design Strategy

This section contains information regarding the design objectives and restrictions created
by the architectural program, current site conditions, and desired usage of the new athletic

facility and pedestrian bridge.

4.1 Current Site Details and Limitations

The proposed athletic building is to sit on the plot of land directly across Massachusetts
Route 122A (Park Avenue) from Alumni Field, on the campus of Worcester Polytechnic Institute
(WPI) as seen in Figure 19. This site is currently underutilized by the Institution and is
disconnected from the entirety of campus. In order to access the field, members of the WPI
community must cross a hectic, four-lane state highway without the use of a convenient
crosswalk that is readily accessible from the central campus. This creates an unsafe environment
for pedestrians and should use of the location increase, a safer means of crossing is necessary.

The entirety of the proposed building site and current tennis courts is approximately
100,000 ft*. As currently proposed, the project will leave the three tennis courts on the far
northwest side of the site untouched. This will leave adequate space for parking and the new
structure, as well as continue to provide tennis courts for students, the WPI community, and the
club tennis team. The proposed building site has a relatively level topography and is elevated

above Park Avenue by a distance of approximately 12 ft.

RooftoplEield

39



MQP LDA-1801

The site’s 12 ft. elevation above the sidewalk along Park Avenue does not allow
sufficient clearance for a pedestrian bridge over a state highway. The required clearance, per
Massachusetts Department of Transportation (MassDOT) Load and Resistance Factor Design
(LRFD) Bridge Specifications (2013), is 17.5 feet, which can be seen in Figure 20. This requires
the bridge to pass 5.5 feet over the current elevation of the athletic facility site. Therefore, it will
be necessary to develop a connection between the bridge and building that meets American with

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

/Tennis Courts

- / C7l:a.rance

097 M0.22
4.35' .76

\slaﬁve height to base of Rec Center/

Figure 20: Cross-Section of Current Site Ground Conditions.
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The space for the pedestrian connection bridge, as seen in Figure 19, is currently
occupied by a concrete sidewalk, black chain-link fence, and a small, unused portion of the
athletic track. The elevation of the track walkway remains approximately level throughout its
entire length and elevates as it approaches Park Avenue at a retaining wall and sloped hill. The
bridge height will be adequate for the usage of the walkway and track area to remain unchanged.
However it will be necessary to place structural piers and footings along the walkway and hill to
support the pedestrian bridge. These piers will be placed so as to minimize their impact.

According to the United States Department of Agriculture, the selected site sits on the
border of two soil survey zones. One zone consists of 90% Paxton fine sandy loam, and the other
is comprised of 80% udorthent soil over loamy basal till (Taylor 1985). Udorthent soils are a
gravelly topsoil that have been placed back on site following an excavation. This site is more

than 80 inches above the water table and is not flooding prone (Taylor, 1985). This information
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proved useful in determining the type, size, and design of foundation elements for both the
athletic facility and pedestrian bridge.

While the site is adequate for the construction of the new facility, several potential
alterations have been identified. One potential alteration to the site could include the addition of
an access road and parking lot for the proposed building. The facility will be accessible via the
pedestrian bridge, but it will also be necessary to provide parking for vehicles. This addition will
require regrading of the site in order to tie in with Route 122A. Regrading the site could lead to
potential issues with storm water runoff down the access road and onto Park Avenue. For this
reason, during the development of the site plan for the facility, the drainage and runoff from the
new facility was taken into consideration, but the design of these components was not in the
scope of the project. Given the current location of existing buildings, their elevations, and the
available space, the proposed site for the construction of the new athletic facility is a valuable

opportunity to expand and connect WPI’s campus with minimal required site alterations.

4.2 Athletic Facility Architectural Program and Design Strategy

An interview with WPI Athletic Director, Dana Harmon, was conducted in order to
develop an architectural program and intended usage for the proposed building. The interview’s
primary take-away was the need for space to accommodate the growing student body and
faculty. In order to solve this, the new facility will provide varsity athletes with the space they
require for training, weight-lifting, and stretching thus freeing up space in the current Sports and
Recreation Center for the rest of the WPI community. Director Harmon suggested relocating the
athletic training room, providing meeting space for teams, and providing indoor training space.
The layout of the building is provided in Figure 21 and Figure 22.

This project aimed to increase the training space available to WPI varsity athletes and
free up space in the already-crowded Sports and Recreation Center. The new facility requires
space for strength training, athletic training, team-specific meeting space, and a large open area
to accommodate athletic events and practices. For this reason, the new structure will need a large
open space without columns and minimal columns throughout the remainder of the building. The
need for large spans creates large girder sizes. In order to reduce the self-weight of the roof
members, a Warren truss was used to support the roof. While the truss is deeper than potential

roof girders, the reduction in total weight allowed for smaller structural columns.

41



MQP LDA-1801

5 1st Floor

0"

Meeting Room [~

Multi-Use Lounge

®
3)
e
| —
=
/)
K2
D
iE

Open to Field
Surface Below

Figure 21: Proposed Athletic Building Floor Plan, 2nd

Figure 22: Proposed Athletic Building Floor Plan, 1st Floor i
oor

The space layouts, shown in Figure 21 and Figure 22 allow for large structural columns
directly down the centerline of the building and along the perimeter. The large open space must
be two stories tall to accommodate athletic uses. The average ceiling height of an athletic
gymnasium is 24 ft (Education Facilities and Specifications, 2012); however, in order to provide
flexibility in the usage of the space, the large field space will have 30-ft ceilings. The structural
columns in the facility will span from the foundation to the ceiling in order to simplify the
erection process. Lateral bracing was specified at the end-bays along each side of the building.
This will allow for the necessary lateral reinforcement and eliminate any diaphragm torsion
caused by wind and seismic loads.

The usages of each room control the various design loads that were considered within the
spaces. The weight room facility will be located on the 1% floor of the building to allow the
added load from the weights and equipment to be supported by a slab on grade. This allows for
the space on the 2™ floor to be utilized for lighter loading, such as athletic training and meeting
space. A facility such as this should maximize the amount of functional floor space to increase
the number of potential activities it can house, and the design decisions were made accordingly.
Lastly, the architectural finishes of the building were defined to match those of the current Sports

and Recreation Center, as seen in Appendix B.

42



MQP LDA-1801

4.3 Pedestrian Bridge Architectural Program and Design Strategy

The project aimed to expand and connect the WPI campus by improving accessibility and
safety through the design of the pedestrian bridge. Given that this bridge expands the reach of the
campus, it is critical that the final architectural layout blends the new athletic facility into the rest
of campus. The architectural finishes for the bridge must also match the ones shown in Appendix
B. A technical institution, such as WPI, requires that structures be modern, efficient, and be of
high quality. For this reason, the bridge is sheathed with tempered glass and supports solar
photovoltaic modules on its slanted roof. The roof is slanted in a manner that allows for
maximum solar panel production, given the solar irradiance experienced by the location.
However, given the bridge’s location over a busy highway, its proximity to varsity athletic fields,
and exposure to the harsh New England climate, it is important that the materials chosen for the
design provide durability and longevity. The bridge is laid-out in order to accommodate two
lanes of pedestrian traffic for individuals coming to and from the new athletic facility. The width
of the bridge, per 2010 ADA specifications, must be a minimum of 7 ft. Space below the sloped
roof as well as under the flooring is designated for the mechanical, electrical, and plumbing
(MEP) required to make the transition between buildings seamless. A cross-section of the bridge

superstructure can be found in Figure 23.
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/ and drainage
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Figure 23: Proposed Pedestrian Bridge Cross-Section
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The bridge was designed using a through truss because this allows for the bridge to be
enclosed on all sides and supports the weight of both the pedestrian traffic and the roof. The
through truss is connected to the lateral force resisting system, located at the top and bottom of
the cross-section, using fixed connections to resist racking distortion, or lateral sway, of the
superstructure. The truss design also allows for long spans, which is required in order to
minimize the impact of structural piers on the area below. The final layout of the support piers
can be found in Section 6.4. Additionally, roof drainage will be critical for this bridge given its
location. To allow for proper drainage, the roof is angled in two directions. As it spans over a
State Highway, mitigating rain and snow falling onto the road below is of the utmost importance.
For this reason, drainage gutters and snow guards were defined along the roof of the bridge to

allow for water runoff and prevent snow from falling from the bridge onto the cars below.

4.4 Bridge Connection Design Strategy

Both energy efficiency and student safety are major concerns of colleges and universities
in current times. In order to ensure that both of these factors are properly addressed, vestibules
that are accessed via a WPI ID card are provided at both ends of the bridge. However, in addition
to safety and energy concerns, the connections between structures are critical because they are
being tied into currently existing locations.

The connection of the pedestrian bridge to the new athletic facility is located on the first
floor and was not connected structurally to eliminate additional loading on the athletic facility.
The bridge is supported by a square concrete pier at the proposed athletic facility and structural
piers were used throughout the rest of the bridge span. Factors such as cost, constructability, and
the effect on the functionality of the facility were considered when making the design selection.

The bridge connects to the southeast side of the cantilevered viewing station attached to
the Sports and Recreation Center. However, the cantilevered design of this structure raises
concerns with making a load-bearing connection at this location. A structural pier was placed
adjacent to the south wall of the Sports and Recreation Center. This pier carries the load of the
bridge. The northwest side of the view station’s third-floor curtain wall must be removed to
allow for access to the bridge. Matching glass is required to enclose the walls of the bridge to

ensure continuity across the entire facility.
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5.0 Design of Athletic Facility Building

This section contains the results of the structural design and analysis of the proposed WPI
Athletic Building. The design was performed using hand calculations and Microsoft Excel
spreadsheets, while referencing the 14" Edition of the AISC Steel Construction Manual, ASCE 7-
10 standards, and the 8" Edition of Massachusetts State Building Code. The structural design of
this building includes steel trusses, girders, beams, columns, lateral bracing systems, base plates,
and concrete footings and pedestals. A general grid was created to help with structural member

layout and calculations. The truss layout imposed on this grid can be found in Figure 24.
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Figure 24: Proposed Building Alphanumeric Building Grid

5.1 Design of Building Roof Truss

The first structural component of the building designed was the roof system. Both a beam
and girder system and roof truss system were considered, but due to cost and weight it was
determined that a roof truss system was the better structural system for this facility. Appendix E
contains the hand calculations for the roof truss design calculations and the beam-and-girder
calculations. Each roof truss spans 100 ft in length with a height of four feet and ten panels that

are each ten feet long. There are 16 trusses total in the roof system and each are 25 ft apart from
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one another. The vertical lines in the figure do not represent any structural members, they are
used to depict where each truss begins and ends. At each end of each roof truss, there is a
structural column that extends from the first floor to the roof that the roof truss connects to.
Horizontal, vertical, and diagonal members were designed in order for the truss to support the
various roof loadings. A diagram of one panel in the roof truss is shown in Figure 25. During the
design of the roof truss system, key assumptions were made. These assumptions can be seen
below in Table 7. The various member types and quantities for the roof truss can be found in

Table 8 and the member schedule for the beam-and-girder roof system can be found in Table 9.

10°

A
v

4 Diagonal Member

Vertical Member

Horizontal Chord

Figure 25: Truss Panel Diagram
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Table 7: Building Roof Truss Key Assumptions
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Key Building Calculation Assumptions
Roof Truss
Roof deck loading 10 psf
Insulation loading 2 psf
MEP loading 5 psf
Ceiling loading 3 psf
Snow loading 42.4 pst
Roof live loading 20 psf
Load Combination 1.2D + 1.6(Lr or S or R)
Truss
Length 100 ft
Height 4 ft
Total Dead Load 20 psf + Truss self-weight
Diagonals
Number per truss 10
Length 10.77 t
Verticals
Number per truss 11
Length 4 ft
Horizontal Chords
Number per truss 20
Length 10 ft
Table 8: Truss Roof Member Schedule
Member Type Size Member Length Quantity Material
Horizontal Chord WTO9x71.5 10 ft 20 A992 Steel
Vertical Member | LL 3 x 2.5 x 3/16 4 ft 11 A36 Steel
Diagonal Member | LL 4 x4.0 x 3/4 10.77 ft 10 A36 Steel
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Table 9: Beam-and-Girder Roof System Member Schedule
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Member Type Size Member Length Quantity Material
Interior Beam W12x16 25 ft 273 A992 Steel
Exterior Beam W12x16 25 ft 14 A992 Steel
Interior Girder W40x593 100 ft 12 A992 Steel
Exterior Girder W12x22 25 ft 16 A992 Steel

5.2 Design of Building Second Floor

Following the design of the roof truss, the second floor beam and girder system was

designed. This system is only present on one half of the building, for the other half is an open

space that spans both levels. A portion of the beam and girder system layout is shown in Figure

26. Four types of members were designed, and the location of these typical members is shown in

Figure 26 as well. Key assumptions made in the beam and girder system calculation can be seen

in Table 10. The various member types and quantities can be found in Table 11.
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Table 10: Building Second Floor Beam and Girder Key Assumptions
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Key Building Calculation Assumptions

Second Floor Beam and Girder Framing

Insulation loading 2 pst
MEP loading 5 psf
Ceiling loading 3 psf
Load combination 1.2D+1.6L
Resistance Factor (®) 0.9
Yield Strength of Steel (Fy) 50 ksi
Modulus of Elasticity (E) 29,000 ksi
Internal beam (B1)
Tributary width 51t
Length 25 ft
External beam (B2)
Total dead load 20 psf
Tributary width 2.5 ft
Length 25 ft
Internal Girder (G1)
Length 100 ft
Tributary width 25 ft
Dead load 20 psf+ 19 * B1 Self-weight
External Girder (G2)
Length 25 ft
Tributary width 12.5 ft
Dead load 20 psf+4 * B1 Self-weight
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Table 11: Second Floor Beam and Girder Schedule
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Member Type Size Member Length Quantity Material
Bl W 14x30 25 ft 49 A992 Steel
B2 W 12x19 25 ft 14 A992 Steel
Gl W 30x99 50 ft 12 60 ksi Steel
G2 W 14x30 25 ft 8 60 ksi Steel

5.3 Design of Building Columns

Following the design of the roof truss and second floor beams and girders, columns were

designed to support the various loadings established by the usage of the facility and snow

loadings as well. The layout of the columns is shown in Figure 27. In all, nine total column types

were designed and analyzed, and all member sizes were relatively similar. The calculations for

each of these members can be found in Appendix E. However, one typical column was utilized

within the structure to make the erection process much simpler. While only one typical column

size was used, there are varying lengths used throughout the building. Key assumptions for all

column design calculations can be found in Table 12. The quantity of each length in Table 13.

The loading cases vary between columns, these values can be found in Appendix E.

1 2 4 5 6 7 8 9
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Figure 27: Column Layout
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Table 12: Building Columns Key Assumptions

Key Building Calculation Assumptions

Columns (Beam and Girder)

Roof deck Loading 10 psf
Insulation Loading 2 psf
MEP Loading 5 psf
Ceiling Loading 3 psf
Bar Joist Loading 10 psf
Snow Roof Live Load 42.4 pst
Roof Live Load 20 psf
Load Combination 1.2D+1.6L+0.5(S or L; or R)
Resistance Factor (®) 0.9
Yield Strength of Steel (Fy) 50 ksi
Modulus of Elasticity (E) 29,000 ksi

Table 13: Schedule of Columns

Member Size Member Length Quantity Material
W12x53 30 ft 36 A992 Steel
W12x53 15 ft 6 A992 Steel

5.4 Design of Building Lateral Reinforcement System

The Building was designed to sustain and resist lateral and vertical wind and earthquake

loading scenarios. The building resists lateral forces by utilizing lateral load resisting frame

systems located symmetrically in its four corners. Each corner has two lateral load resisting

frames, each resisting lateral loads in perpendicular directions to each other. The frames use

diagonal and horizontal bracing elements to resist the lateral loads. Wind and seismic loads were

calculated using ASCE 7-10 standards. The key assumptions for the seismic and wind load

calculations can be seen in Tables 14 and 15, respectively. A typical frame was then input into

RISA 2D to analyze the effects of the load combinations on the frame, including deflections,

joint reactions, and story drift. The design of a typical lateral force resisting frame for earthquake
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and wind forces can be seen in Figure 28 and Figure 29, respectively, and member sizes can be
found in Table 16.

Table 14: Building Seismic Calculation Key Assumptions

Key Building Calculation Assumptions

Building Seismic Design
Site Class D
Ss 0.24 (Massachusetts State Building Code, 2010)
S .067 (Massachusetts State Building Code, 2010)
Seismic Design Category B
Risk Category II
Seismic Force at Level 3 per frame 30.09 kips
Seismic Force at Level 2 per frame 18.84 kips
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Figure 28: Lateral Load Resisting Frame for the Athletic Facility with Earthquake Loading
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Figure 29: Lateral Load Resisting Frame for the Athletic Building with Wind Loads

Table 15: Building Wind Design Key Assumptions

Key Building Calculation Assumptions

Building Wind Design

Velocity Pressure Coefficient (qy) 0.00256k kkaV?
Exposure Category B
Reference Wind Speed 100 mph

Table 16: Schedule of building lateral members

Member Type Member Size Quantity Material Length
Horizontal L3x2x1/2 16 A36 Steel 25 ft
Diagonal L3x2x1/2 16 A36 Steel 30 ft

5.5 Design of Building Footings

As a final step in the structural design all of the athletic facility, the baseplates, pedestals,
and footings were designed to support the entirety of the loads carried throughout the building
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previously established. The layout and dimensions of the footing components can be seen in

Figures 30 and 31. In all, nine different footings were designed for the nine different columns but

some of the footings were similar in size due to the similarity in the column sizes and loads. The

calculations for each of the different individual footings can be found in Appendix E.

16"

/—PEDESTAL
4 #7 REINFORCING BARS
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o [ o _l . 7.%5'

Figure 30: Athletic facility typical footing and rebar cross-section

. Concrete Footing
. Concrete Pedestal

B Stcel Baseplate
B steel Column

Figure 31: Building Footing Design

However, due to the variability in load for each column and the fact that each column

will utilize a similar W12x53 section for simplicity in erection, footings were standardized for

simplicity and efficiency in construction. As a result, there is only one footing design used in the

complete design of the athletic building. The designed footings were the minimum size in order

to be able to fully support the loading and column. Table 17 displays the dimensions of the
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standard footings, baseplates, and pedestals. Table 18 shows the design results of the concrete

reinforcement in the building footing.
Table 17: Schedule of Footings

Component Dimensions Quantity Material

Baseplate 14.00” x 10.00” x 3%4” 42 A36 Steel
Pedestal 18.00” x 14.00” x 40.75” 42 4 ksi Concrete
Footing 6.50’ x 6.50° x 7.25” 42 4 ksi Concrete

Table 18: Schedule of Footing Rebar

Component Bar Area Quantity Yield Strength

Footing 2.4 in’ 4 50 ksi

5.6 Design of Elevator Hoist Beam

A multipurpose elevator capacity of 4500 Ibs. and empty self-weight of 4500 Ibs. were
assumed for the design. In addition, the weight of a 500 1b. maintenance hoist was included in
the design. The hoist way walls were assumed to be constructed of concrete masonry units with a
2-hr fire rating. These masonry walls surrounding the elevator are responsible for supporting the
elevator hoist beam. Following completion of the design calculations, an A992 steel W8x15
beam was employed to support the elevator hoist. This beam does not connect to the building’s
roof truss and does not add to the overall load it carries. The key design assumptions for the

elevator hoist beam can be found in Table 19.

Table 19: Elevator Hoist Beam Key Assumptions

Elevator Hoist Beam Key Assumptions

Elevator Capacity 4,500 Ib.
Elevator Weight 4,500 Ib.
Hoist Weight 500 Ib.
Yield Strength 50 ksi
Resistance factor (D) 0.9
Modulus of Elasticity 29,000 ksi
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6.0 Design of Pedestrian Bridge

The following section describes the design of the pedestrian bridge, which spans from the
current Worcester Polytechnic Institute (WPI) Sports and Recreation Center to the proposed
athletic facility, spanning over a portion of the track and field area as well as Park Avenue. It
discusses how the different structural members of the pedestrian bridge were designed using the
Load and Resistance Factor Design (LRFD) Guide to the Design of Pedestrian Bridges as well as
referencing The American Association of State Highway and Transportation Officials
(AASHTO) LRFD Specifications for Structural Supports for Highway Signs, Luminaires, and
Traffic Signals.

6.1 Design of the Bridge Through-Truss

The bridge utilizes a through-truss structural system to span the needed 75 ft between the
supporting structural piers. The through-truss was designed to support the wind and seismic
loads, live loads, and dead loads acting on the bridge members. The bridge is supported by a two
trusses, one on the North face and one on the South face of the bridge. Each panel of the
through-truss was designed to be 7.5 ft in length with 10 panels needed for each 75 ft bridge
span. The full length of the bridge consists of five 75 ft spans, one span of 36.6 ft, and one span
of 41.8 ft. The lateral loads due to wind and earthquake forces are supported by the lateral truss
system detailed in Section 6.3. Key assumptions used in the design calculations of the through-
truss bridge can be seen below in Table 20. A typical through-truss span can be seen in Figure 32
with Table 21 describing the member sizes and quantities. Hand calculations of the through-truss

design can be seen in Appendix F.

75’

76"

Figure 32: Typical Elevation View of Bridge Through Truss.
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Table 20: Bridge Truss Key Assumptions

Key Bridge Calculation Assumptions

Bridge Truss
Roof frame loading 7.67 pst
MEP loading 5 psf
Solar Panel loading 4 pst
Roof loading 10 psf
Insulation loading 2 psf
Facade 125 Ib/ft
Snow loading 42 .4 psf
Pedestrian loading 90 psf
Gravity Load Combination 1.2D + 1.6L + 0.5S
Yield Strength (Fy) 36 ksi
Modulus of Elasticity (E) 29,000 ksi
Truss
Height 10 ft
Span Length 75 ft
Deck Width 7 ft
Diagonals
Number per truss 10
Length 12.6 ft
Verticals
Number per truss 10
Length 10 ft
Horizontal Chords
Number per truss 20
Length 7.5 ft
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Table 21: Schedule of Bridge Through Truss Members

Member Type Size Quantity Material
Chords WT 9 x 25 120 A992 Steel
Diagonals LL 5x3x3/16 59 A36 Steel
Verticals LL3x25x3/6 62 A36 Steel

6.2 Design of the Bridge Roof Frame

The roof frame of the bridge was designed to support the roof structure as well as transfer
the roof live loads, including the snow live load, to the joints of the through-truss bridge. The
roof frame is angled in two directions to allow for proper roof drainage of snow and rain, in
addition to considering solar energy absorption. The roof will be angled at 15 degrees toward the
South facing side and 2 degrees in the East-West direction. The roof frames are located with a
spacing of 7.5 ft to allow for proper connection to the through-truss at truss panel points as
detailed in section 6.1. Purlins lay on top of the frames and run longitudinally, spanning the
frames. These purlins help to support the roof decking and the solar panels. Two cross-sections
of the bridge roof frame can be seen in Figure 33 and Figure 34. Figure 33 is a typical section,
each span contains sections with the peak located at mid-span. The lowest point of these sections
is located at each support pier to allow storm water to drain from the bridge roof down to grade
level. Key assumptions for roof frame calculations can be found in Table 22 and the member

sizes can be found in Table 23.

Figure 34: Cross-section of Bridge Roof Frame

g
2

37'-8"

Figure 33: Bridge Roof Frame Section
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Table 22: Bridge Roof Frame Key Assumptions

Key Bridge Calculation Assumptions

Bridge Roof Frame Design

Roof Sheathing Dead Load 10 psf

Solar Panel Dead Load 4 psf

Insulation Dead Load 2 pst

Snow Live Load 42 .4 psf

Tributary Width 7.5 ft
Bridge Width 9 ft

Yield Strength (Fy) 46 ksi
Resistance Factor (¢) 0.9

Table 23: Schedule of Roof Frame Members

Member Type Member Size Quantity Material
Vertical HSS5x4x % 62 AS500 Steel
Diagonal HSSS5x4x ' 62 AS500 Steel

Risers HSS5x4x % 37.84 ft AS500 Steel

6.3 Design of Bridge Lateral Truss

The bridge was designed to resist lateral loading due to wind forces with a lateral load
resisting truss. The lateral truss was not designed to resist lateral loading due to earthquake
forces due to the Seismic Design Category A classification. The procedure used to determine this
can be found in Appendix F. This frame spans the entire length of the bridge and is mirrored on
the top and bottom of the through-truss to prevent twisting and torsional forces on the bridge.
The lateral truss connects to the through truss at each node with a fixed connection to resist
torsional sway and to transfer the lateral loading to the bridge piers throughout the span at the
end piers. The lateral load resisting truss was designed to limit the lateral deflections of the
bridge between the pier spans to the deflection limit set by the AASHTO LRFD Bridge
Specification 5" Edition Section 2.5.2.6.2 (AASHTO, 2014). Key assumptions for the lateral
truss calculations can be found in Table 24 and the design of a typical lateral force resisting truss

resisting wind forces can be seen in Figure 35. The model depicted displays only one half of the
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span. The half span still allows for maximum displacement to be calculated. Both ends are

pinned using steel base plates bolted into the concrete pier caps.

Table 24: Bridge Lateral Truss Key Assumptions

Key Bridge Calculation Assumptions

Bridge Lateral Truss Design

Horizontal Wind Load 0.704 kips/foot of truss
Windward pressure distribution 75%
Leeward pressure distribution 25%
Lateral Truss Panel Length 7.5 ft

Wind Force Distribution

Loading occurs at truss nodes

' ~
@ B IENEE Demonstration Version
[«][»] L.| JointLabel X [K] YK | MZ[kf
1 2 N1 072 42429 0
2 2 N2 13.128 | -42.429 0
3 2 Totals: 132 0 2 -1.98k
4 2 COG (ft): NC NC
€9 Hot Rolled Steel Section Sets o[- 3] -1.98k
Hot Rolled ICoId Formedl Wood| Concrete Aluminuml Generall
[«] [»] Label Shape Type Design List |  Material
1 WT9x25 Beam Wide Flange A992 . -1.98k
2 diagonals LL5x3x4x6 VBrace Double Angle | A36 Gr.36
3 verticals LL3x2.5x3x6 VBrace Double Angle | A36 Gr.36 _ %
4 floor beams W8x13 Beam Wide Flange A992 M7 1
5 laterals LL3x3x3x6 VBrace |DoubleAngle | A36 Gr36 ’ N5 -<6§,K-l -1.98k
! -1.98k
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Figure 35: Lateral load resisting truss for half'span of the pedestrian bridge with wind loads.

6.4 Design of the Bridge Pier Cap

At the top of the bridge piers is the pier cap. The cap connects the main bridge structure

to the columns. The cap was designed to transfer gravity and lateral loads from the main bridge

structure to the piers. It was designed as a reinforced concrete beam that cantilevers outward

from the column and supports the bridge at the bottom chord of each of the two trusses. The

reinforcement in the cap uses longitudinal bars and transverse stirrups to resist tension and shear
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respectively. The assumptions used to design the bridge pier caps can be seen in Table 25. The
governing load combination makes use of only gravity loads. The results of the pier cap design
can be seen in Table 26. The final design of the pier cap can be seen in Figure 36.

An alternative pier cap design was also considered. The pier cap was originally designed
as cantilever beams extruding out radially from the pier. The beams were designed to support the
load of the superstructure above at 4 points located in the 4 corners of the original pier at each
bearing. An alternative design was considered that removed the concrete in between the 12 in
cantilever beams that were supporting the bearings. This allows for less concrete and dead load
acting on the pier and footing below. However, it was concluded that the cost benefits of saving
the material and dead load would not outweigh the consequences associated with the time and
money that would be needed to make this custom shaped formwork. This alternative design can

be seen in Figure 37.

Table 25: Bridge Pier Cap Key Assumptions

Key Bridge Calculation Assumptions

Bridge Pier Cap Assumptions

Length 9 ft
Concrete Compressive Strength (f°c) 4 ksi
Reinforcing Bar Yield Strength (Fy) 60 ksi
Critical Load Combination 1.2D+1.6L+0.5S
Resistance Factor for Moment (¢) 0.9
Resistance Factor for Shear (¢) 0.75
Maximum Moment 738.91 kip-feet
Maximum Shear 165.51 kips
Table 26: Bridge Pier Cap Design Results
Key Bridge Calculation Results
Bridge Pier Cap Design
Length 120 in
Width 102 in
Depth 18 in
Height 21 in
Material 4 ksi Concrete

Radial Reinforcement

3 #10 bars per 12 in

Shear Reinforcement Size

# 4 stirrups

Shear Reinforcement spacing

1 stirrup @ 2.5 in
1 stirrup @ 18 in
3 stirrups @ 5.5 in

61




MQP LDA-1801

1'-9.0"

[\_3 #10 longitudinal bars

1l

Figure 37: Pedestrian Bridge Pier Cap and Rebar Cross-Section

Figure 36: Alternative Pier Cap Design. (not used for final

6.5 Design of the Bridge Piers

design)

The main bridge structure is supported by 7 reinforced concrete piers that are designed to

resist the gravity loads of the pedestrian bridge as well as the lateral loads including wind and

seismic, however, specific seismic provisions were not needed. The piers were designed to
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support a bridge span length of 75 ft. This represents the largest tributary length of the bridge
that any single pier must support. To resist lateral loading in all directions, the piers were
designed to be cylindrical. The symmetry of the piers ensures that load resistance in all directions
is equal. The piers were designed using spiral lateral reinforcement and longitudinal bars to
support the concrete in tension. The geometry of the bridge piers were determined by calculating
the minimum pier radius to allow them to be designed as non-slender columns. Once the
geometry was selected, the axial and moment capacity of the pier was checked, and the
reinforcement was designed. The relative locations of the piers and their associated pier caps and
pier footings can be found in Table 27 and Figure 38. The key assumptions used to design the
bridge piers can be seen in Table 28. The results of the bridge piers can be found in Table 29.
See Figure 39 for a typical bridge pier and reinforcement layout. A typical bridge pier, pier cap,

and foundation can be seen in Figure 40.

Table 27: Pier Identification and Location.

Pier Identification Pier Location Pier Height (ft)
P1 Tennis Court side of 122A 11.3
P2 Garage side of 122A 15.9
P3 Tennis Court side of Alumni Field 27.8
P4 Middle of Track (75 ft from P3) 28.4
P5 Middle of Track (150 ft from P3) 28.8
P6 Recreation Center side of Track 29.5
P7 Adjacent to Recreation Center 29.7
! ' ': g DL | rcconer
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Figure 38: Pedestrian Bridge Pier/Footing Layout
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Table 28: Bridge Pier Key Assumptions

Key Bridge Calculation Assumptions

Bridge Pier Design Assumptions

Length 30 ft
Concrete Compressive Strength (f7¢) 4 ksi
Reinforcing Bar Yield Strength (Fy) 60 ksi
Critical Load Combination 1.2D+1.6L+0.5S
Resistance Factor for Moment (¢) 0.9
Resistance Factor for Shear (¢) 0.75
Ultimate Compressive Strength (Py) 320.4 kips
Ultimate Moment (M,) 1520.6 kip-feet

Table 29: Bridge Pier Design Results

Key Bridge Calculation Results

Bridge Pier Design Results

Length (max) 30 ft
Diameter 80 in
Material 4 ksi Concrete
Longitudinal Reinforcement 19 #18 bars
Lateral Reinforcement # 4 spiral @ S=0.86
Clear Cover 4 in

8ridge Pier Cross-Secion (TYP)

#4 Stirrup (Spiral)
19#18 Longiudinal Reinforcement bars

" Clear Cover

Figure 39: Pedestrian Bridge Pier and Rebar Cross-Section
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Figure 40: Typical Bridge Pier, Pier Cap, and Footing. (material removed to show
reinforcement, actual pier cap and pier are solid concrete).

6.6 Design of the Bridge Footings

The bridge footings were designed to support the bridge piers and bridge superstructure,
and to prevent the piers from settling into the soil. Spread pier footings were used to distribute
the pier loads to the soil and limit settlement. Two footing designs were done using different
assumptions based on the location of the footing and the loading acting on the footing. Footings
designs were created using LRFD and methods from Reinforced Concrete Design. The locations
of the bridge footings can be found in Table 30 and Figure 39. The assumptions used in the
design of bridge footings 1 and 2 can be found in Table 31 and Table 32 respectively. The final
results of the footing design can be found in Table 33. See Figures 41, 42, 43, and 44 for footing

reinforcement layouts.
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Bridge Footing Locations

Footing Identification Associated Footing Pier Associated Footing Design
Fl1 P1 2
F2 P2 2
F3 P3 1
F4 P4 1
F5 P5 1
F6 P6 1
F7 P7 1

Table 31: Bridge Footings Design 1 Assumptions

Key Bridge Calculation Assumptions

Bridge Footing Design 1 Assumptions

Reinforcing Bar Yield Strength (Fy) 60 ksi
Concrete Compressive Strength (f7¢) 4 ksi
Axial Load 479.09 kips
Moment, M (max) 1900.9 kips
Moment, M, (max) 960 kips
Pier Diameter 6.67 ft
Concrete Density 150 pef
Pier Height 30 ft
Pier Tributary Width 75 ft

Table 32: Bridge Footing Design 2 Assumptions

Key Bridge Calculation Assumptions

Bridge Footing Design 2 Assumptions

Reinforcing Bar Yield Strength (Fy) 60 ksi
Concrete Compressive Strength (f7¢) 4 ksi
Axial Load 265.76 kips
Moment, M (max) 1013.76 kips
Moment, M, (max) 506.88 kips
Pier Diameter 6.67 ft
Concrete Density 150 pef
Pier Height 16 ft
Pier Tributary Width 40 ft
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Table 33: Bridge Footing Design Results.
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Key Bridge Calculation Results

Bridge Footing Design Results

Footing Design 1

Length (Perpendicular to Superstructure) 22 ft
Base Width (Parallel to Superstructure) 14 ft
Depth 4.00 ft
Height 4.25 ft
Longitudinal Reinforcement (Parallel to Superstructure) 42 # 7 bars
Longitudinal Reinforcement (Perpendicular to Superstructure) 88 # 8 bars
Footing Design 2
Length (Perpendicular to Superstructure) 20 ft
Base Width (Parallel to Superstructure) 12 ft
Depth 4.00 ft
Height 4.25 ft
Longitudinal Reinforcement (Parallel to Superstructure) 42 # 7 bars
Longitudinal Reinforcement (Perpendicular to Superstructure) 88 # 8 bars

LR

ANt A
\ \-3 Clear Cower

\-42 #7 Longiudinal Reinforoement Bars

Figure 41: Pedestrian Bridge Footing Design 1, Reinforcement Layout Parallel to Superstructure
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\ 3" Clear Cover

\88 #38 Longiudinal Reinfrecement Bars

Figure 44: Pedestrian Bridge Footing Design 1, Reinforcement layout Perpendicular to Superstructure

3" Clear Cower

\-42 #7 Longitudinal Reinforcement Bars
Figure 42: Pedestrian Bridge Footing Design 2, Reinforcement Layout Parallel to Superstructure

: s
20" \ \G'Clear Cover

\-sa #8 Longitudinal Reinbreement Bars

Figure 43: Pedestrian Bridge Footing Design 2, Reinforcement Layout Perpendicular to Superstructure

6.7 Design of Bridge Seismic System

Elastomeric bearings were designed to connect the bridge superstructure to the bridge
pier caps. They are used to accommodate any rotation or movement the bridge may experience
due to loading and/or thermal expansion. The bearings were designed to be circular to resist
loading in all directions equally. To provide a stable connection between the pier caps and the
bridge through truss, four bearings were placed on each pier. Each bearing connects to a bottom
node of the bridge through truss so that each truss is supported by two bearings at each pier with
a 7.5 ft spacing. The governing lateral load used to design the bearing was determined to be wind

loading due the bridge Seismic Design Classification A. The results of the bearing design can be
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found in Table 34. The assumptions used to design the elastomeric bearings can be found in

Table 35.

Table 34: Bridge Elastomeric Bearing Design Results

Key Bridge Calculation Results
Bridge Elastomeric Bearing Design
Total number of bearings 30

Bearing Shape Circular

Bearing Flange 12 in

Bearing Diameter 10 in

Calculated Rotation 0.04 radians
Horizontal movement of bridge 1.0 in

Table 35: Bridge Elastomeric Bearing Assumptions

Key Bridge Calculation Assumptions

Bridge Elastomeric Bearing Assumptions

Dead load 63.7 kips
Live load 16.4 kips
Governing Lateral Load Wind
Design method B
Calculated Rotation 0.004 radians
Horizontal movement of bridge superstructure 1.0 in
Bridge deck fixed against horizontal translation Yes
Bearing subject to shear deformation Yes

6.8 Design of Bridge End Pier

A square concrete pier was designed for the end of the bridge closest to the new athletic
facility. The purpose of this square pier is to resist the vertical and lateral loading on the bridge
loading in the area where the bridge connects to the athletic building. It was a designed as a
square, reinforced concrete column, and to ensure stability the pier was overdesigned to be a 9 ft
by 9 ft square pier directly under the bridge. The assumptions used during the calculation of the

bridge pier can be found in Table 36. The gravitational loads were determined to govern the
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design of this structure. For this reason, the load combination shown in Table 36 was chosen.

The final results of the bridge end pier design can be seen in Table 37 and Figure 45.

Table 36. Bridge End Pier Assumptions.

Key Bridge Calculation Assumptions

Bridge End Pier Assumptions

Length 9 ft
Concrete Compressive Strength (f7¢) 4 ksi
Unit weight of concrete 150 Ib/ft?
Reinforcing Steel Yield Strength (Fy) 60 ksi
Minimum ratio of required steel to concrete (Pmin) 0.015
Critical Load Combination 1.2D+1.6L+0.5S
Resistance Factor (¢) 0.9
Ultimate Compressive Strength (Py) 33.83 kips
Table 37: Bridge End Pier Design Results
Component Dimensions/Bar Area Quantity Material
End Pier 9.00’ x 9.00’ x 8.00’ 1 4 ksi concrete
Reinforcing Steel 4.00 in? 44 AS572 Grade 60 Steel

View

Figure 45: Pedestrian Bridge End Pier and Rebar Cross-Section Plan
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A basic cost analysis for the construction of both the pedestrian bridge and athletic

facility was completed. The purpose of the analysis was to provide an estimate of the potential

financial burden this project would place upon the Institution. This was done with the use of

Building Construction Costs with RS Means Data as well as the Massachusetts Department of

Capital Asset Management and Maintenance (DCAM) consultant estimating manual. The

estimate includes both material and labor costs, as well as contingency and engineering fee

considerations. An estimated contingency of 15% was applied to the final estimate, as well as a

7.2% design fee allowance. The results of the preliminary cost estimate are show in Table 38 and

the complete analysis can be found in Appendix G.

Table 38: Results of cost analysis

Estimate Item Cost
Athletic Facility (no design fees or contingency) $7,700,000
Pedestrian Bridge (no design fees or contingency) $2,500,000
Design Fees and Contingency $2,400,000
TOTAL PROJECT COST $12,600,000
Coningency Site Work Contingency Site Work ¢

Steel

Design Fees

N

Concrete

Enclosure

Figure 47: Pedestrian Bridge Material/Labor Cost Breakdown

Concrete
Design Fees /
. Enclosure
Field Turf mss—

MEP

Figure 46: Athletic Facility Material/Labor Cost Breakdown
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8.0 Conclusion and Recommendations

The following section discusses what was done over the course of the project to meet the
goals originally set at the beginning of the project. This section will also discuss the
recommendations that our group believes future groups could continue to work on. These
recommendations are intended to offer future project ideas to students who are interested in

advancing or improving the design set forth at the conclusion of this project.

8.1 Athletic Building Conclusions

The structural analysis, cost estimate, and 3-dimensional modelling of the facility was
after considering initial design factors, site layout, and site criteria. After examining the criteria
from the site survey, interview, and initial research, the building design followed Load and
Resistance Factor Design methods. The structural analysis began with the roof members, moving
down to the second floor, then to the columns, and finally to the base plates, pedestals, and
footings. All members and components were designed as part of the larger system of the
building.

Two different roof structures were considered during the design of the athletic facility: a
typical beam-and-girder bay system and a roof truss system. The roof truss system was selected
because it was a more efficient design due to weight considerations and its ability to have longer
spans. Since the truss weighs less and uses less steel, it would have a lower material and shipping
cost compared to the beam-and-girder system. The 2™ floor structural system was designed using
a beam-and-girder bay system. Analysis included a comparison of a cast in place concrete slab
and pre-cast hollow-core panks. This type of system was chosen due to the live loads on the 2"
floor and to decrease the depth of the floor system and maximize story height. The columns were
individually designed for each different location and associated loading, but to facilitate
construction and manufacturing, the column sizes were standardized based on the most critical
case. The baseplates, pedestals, and footings were also designed in the same sense for ease in
construction and standardization.

Once the individual components of the building were designed to be structurally
sufficient, the components were compiled together to complete the design of the building. Using
the results from the design of the components, a 3-dimensional rendering of the facility was

created. Using this model, and some assumptions made about the architectural components, a
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cost estimate was performed. This cost estimate included considerations for materials (structural,
architectural, MEP, and equipment) and construction of the facility. See Figure 44 for a

rendering of the final Athletic facility Design.

Figure 48: Athletic Facility REVIT Rendering

8.2 Athletic Building Recommendations

After completion of the project, we would recommend that this project be advanced. We
believe that to advance the design of the proposed athletic facility, more focus should be placed
on the design of member connections. The scope of our project verified that the geometry of the
connections would be successful, as seen in Appendix H, however we did not consider the
design of the angles, welds, or bolts for each individual connection. Also, another future project
could advance the design of the facility by performing a fire safety analysis to explore the fire
safety options or concerns that the current proposed design would entail. If the building was
going to become reality it would also need to be subject to an architectural review including an
energy analysis and the design of the facade, lighting, HVAC, heating, electrical, plumbing, and
interior aesthetics. The facility would also need to have a parking lot and water runoff

management system designed by a civil or environmental engineer.

8.3 Pedestrian Bridge Conclusions

The proposed pedestrian bridge was completed with an initial site survey and layout,
determination of design criteria, structural analysis, cost analysis, and 3-dimensional modelling.
The purpose of the pedestrian bridge was to provide a safe passage, across a state highway, from
the main part of campus to the new proposed athletic facility. The bridge design followed both
Load and Resistance Factor Design criteria and the AASHTO LRFD Pedestrian Bridge
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Specifications design method. The structural analysis followed the load path and began with the
roof frame, moving down to the through-truss, then to the bridge piers and pier caps, and finally
to the footings.

A roof frame design for the pedestrian bridge was developed after the initial design was
created. It was designed to slope in 2 directions to allow storm water and snow melt to drain
effectively off of the bridge. Multiple bridge types and material options were researched
originally, but due to aesthetic and economic reasons, a through-truss bridge design was used.
The bridge piers, pier caps, and footings were individually designed, but similar to the building
design they were standardized based on the most critical case to simplify construction and
procurement. Once the final design of each bridge component was completed, the 3-dimensional
model was created to show how each component worked together as a system. The 3-
dimensional model was also used as a graphical representation during the presentation of our

final design and results. See Figure 45 for the rendering of the pedestrian bridge.

Figure 49: Pedestrian Bridge Rendering, View from Track

8.4 Pedestrian Bridge Recommendations
For both the building and pedestrian bridge, design considerations were discussed in this

project for the storm water runoff and drainage system. While the athletic facility clearly
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presents a larger storm water problem due to the size of the impermeable layer it creates, run-off
from the Pedestrian Bridge should also be investigated. For a structure such as a bridge there are
numerous means of structural design, we recommend that various bridge types be investigated
for this application. Although we ultimately decided to use the through-truss bridge type for our
design, it would be possible for other bridge types to be designed and compared in price and
aesthetics. Based on the span of the bridge both a cable-stay and suspension bridge would be
potential alternatives. Additionally, when designing the pedestrian bridge, some construction
methods and constraints were explored, we recommend that a future project could design a fully

encompassing construction and erection plan.
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1.0 Introduction

A bridge can be defined as a structure spanning and providing passage over a river or
road (Merriam Webster Dictionary, 2017). But a bridge can be more than that. A bridge can
connect people, ideas, and cultures. Currently, part of our Worcester Polytechnic Institute (WPI)
community and campus is disconnected from the rest. A state highway with limited pedestrian
access divides the WPI campus into fragments. This is not only a culturally divisive barrier, but
also a major safety concern. Students, faculty, and guests may have to navigate across this
dangerous road in order to explore the full extent of the campus.

Our team is proposing and designing an enclosed pedestrian bridge that would span the
state highway 122A. The bridge will connect the current WPI Sports and Recreation Center 3rd
floor to the proposed WPI athletic facilities, where the current A.J. Knight Field and tennis
courts are located. The bridge would also connect to the rooftop field/garage allowing for better
access between this facility and the Sports and Recreation Center. Along with access to these
facilities, the bridge would allow WPI students and faculty to travel more easily from the main
campus to the Hughes House, Jeppson House, and the Alpha Tau Omega Fraternity house. We
believe safe access to these campus buildings as well as the numerous off-campus housing is a
priority for students and parents and should be a priority for the WPI community.

As part of our project we will also propose and design the construction of a new athletic
building located along Park Ave near the location of the current WPI tennis courts and the A.J.
Knight Field. The purpose of the proposed athletic building is to provide additional facilities for
the WPI community as a whole. On the first floor of the facility, an indoor athletic training field
would be designed with elevated ceilings to be used for any indoor athletic drills/conditioning,
training, and/or games. An open space area for strength training would also be included on the
first floor to accommodate strength training equipment along with men’s and women’s locker
rooms and restrooms. This could be used by WPTI’s various division 3 and club athletic teams
year-round. Due to the limited athletic facilities that are now available, many athletic teams must
reserve or share current gymnasium space with the general population of the WPI community.
This can create a restrictive environment for athletic teams that need space to train and condition.
With the addition of a new indoor athletic training facility, sports teams would have additional
designated space to train, especially during the winter months when outdoor fields are not

available.
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Varsity sports at WPI often require the use of conference rooms to hold team meetings.
Currently the space designated for sports teams to hold team meetings is very limited, amounting
to one dividable room in the Sports and Recreation Center. This space usually is shared with and
used by the WPI faculty for staff meetings. Our proposed athletic building also includes space
for offices and conference rooms on the second floor. These rooms can be used for team

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

Many design factors are taken into consideration for any new structure that is being

designed or constructed. While considering the development of this project, first the site will be
taken into consideration. Both the current conditions and proposed conditions will be assessed
for sustainability and constructability. Materials and additional uses help keep the structures
more economical and have less of an impact on the environment. Structures must follow design
parameters in order to comply with regulatory requirements for accessibility and safety. In the
case of the bridge, the American Association of State Highway and Transportation Officials
(AASHTO) and the Americans with Disabilities Act (ADA) will be considered. While the
building requires compliance the Massachusetts State Building Code. Both structures must
conform to the regulations established by the City of Worcester zoning and permitting laws.
2.1 Current Site

The proposed building is to sit on the plot of land directly across Massachusetts Route
122A (Park Avenue) from Alumni Field, on the campus of Worcester Polytechnic Institute as
seen in Figure 1. This site is currently underutilized by the University and disconnected from the
entirety of campus. Since WPI currently has additional tennis courts in Institute Park, it can be
inferred that there is a possibility for better utilization of this location. Additionally, in order to
access the field, members of the WPI community must cross a hectic, four-lane state highway
without the use of an easily-accessible crosswalk. This creates an unsafe environment for
pedestrians and should use of the location increase, a safer means of crossing is necessary.

The entirety of the proposed building site and current tennis courts is approximately
100,000 ft>. As currently proposed, the project will leave the three tennis courts on the far
northwest side of the site untouched. This will leave adequate space for parking and the new
structure, as well as continue to provide tennis courts for students and the WPI community and
club team. The proposed building site has a relatively level topography and is elevated above

Park Avenue by a distance of approximately 12 ft.
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RooftoplEield

Proposal Figure 1: Aerial view of the proposed site

According to the United States Department of Agriculture, the selected site sits on the
border of two soil survey zones. One zone consists of 90% Paxton fine sandy loam and the other
is comprised of 80% udorthent soil over loamy basal till (Taylor 1985). Udorthent soils are
gravelly topsoils that have been placed back on site following an excavation. This site is more
than 80 inches above the water table, and is not flooding prone (Taylor 1985). This information
will prove useful in determining the type, size, and design of foundation elements for both the
athletic facility and pedestrian bridge.

While the site is adequate for the construction of the new facility, several potential
alterations have been identified. One potential alteration to the site could include the addition of
an access road and parking lot for the proposed building. The facility will be able to be accessed
via the pedestrian bridge, but it will also be necessary to provide parking, especially handicapped
parking, for vehicles as well. This addition will require regrading of the site in order to tie in with
the existing Massachusetts Avenue. Regrading the site could lead to potential issues with storm
water runoff down the access road and onto Park Avenue that may have to be assessed. For this
reason, when the site plan for the facility is developed, the drainage and runoff from the new

facility will be taken into consideration.
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The space for the pedestrian connection bridge as seen in Figure 1 is currently occupied
by a concrete sidewalk, black chain-link fence, and a small, unused portion of the track. This
area will remain unchanged, as the bridge will span an adequate height above to still allow for
the track and walkway to remain operational. The location of the cantilevered viewing station
will allow for the pedestrian bridge to connect back to the southeast side of the viewing station.
Given the current location of existing buildings, their elevations, and the available space, the
proposed site for the construction of the new athletic facility is a valuable opportunity to expand
and connect WPI’s campus.

2.2 Engineering Design Parameters

Safety plays a major role in any design; for this reason it is important to comply with the
regulatory agencies that govern the design and construction industries. For the proposed
pedestrian bridge and building, the designs will be created in accordance with criteria in the
design criteria documents displayed in Table 1. In the state of Massachusetts, it is critical that
current and future structures be in compliance with both the American Association of State
Highway, Transportation Officials (AASHTO) and the Americans with Disabilities Act (ADA),
and the Massachusetts State Building Code (780 CMR).

Proposal Table 1: Pertinent design parameters

Design Aspect Regulatory Agency Design Criteria
American Association of State Highway Pedestrian Bridge Manual
and Transportation Officials (AASHTO)

Pedestrian Bridge LRFD Guide Specifications for

the Design of Pedestrian Bridges

Americans with Disabilities Act (ADA) Standards for Accessible Design

State Board of Building Standards and 780 CMR: Massachusetts
Regulations Amendments to the International
Athletic Facility Building Code 2009- Chapter

16: Structural Design

Americans with Disabilities Act (ADA) Standards for Accessible Design

85



MQP LDA-1801

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

Department of Transportation refers to the AASHTO design specifications. There are numerous

parameters that must be considered when designing a structure of the magnitude of the proposed

pedestrian bridge. One of which being the vertical clearance required over Park Avenue, which

according to AASHTO is 17.5 ft. above the road surface (WSDOT, 2017). The manual also has

requirements for allowable deflections, span-depth ratios, foundation parameters, drainage, and

material requirements for structures passing over highways (AASHTO, 2014). This publication

will prove essential in the design of the pedestrian bridge to pass over Park Avenue.

The ADA design criteria and their corresponding reference sections can be seen below in

Table 2. The table shows the section that the criteria can be found in the ADA regulations and

design criteria. The table also states the design criteria that is relevant to the design of the

pedestrian bridge including slope requirements and handrail design requirements. These criteria

will be used during the design of the pedestrian bridge to ensure appropriate access to all

facilities.

Proposal Table 2: ADA design parameters

ADA Section Design Criteria
302.3 & 3.3 Floor and ground surfaces shall be “stable, firm, and slip resistant.”
302.3 If there are any openings in the surface the openings shall not exceed 2.

303 There shall be no vertical change in elevation greater than 4” and if the surface is

to be ramped.

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

405 & 406 Running slope shall not exceed 1:20, the cross slope shall not exceed 1:48, and
the clear width for walking surfaces shall not be less than 36 inches.

505 Handrails must be continuous along the entirety of the walking surfaces length.
Handrails are not required on ramps with a running slope of 1:20, but when they
are required they must be provided on both sides of the walkway. Additionally,
the handrails must be 34-38” above the walking surface and be at a consistent
height along the entire length of the walking surface. The gripping surface of the
handrails must also be unobstructed for at least 80% of its length (with a 1-1/2”.
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2.2.3 Massachusetts Building Code Design Criteria

The parameters gathered from the Massachusetts State Building Code 8th Edition which
includes the 2009 International Building Codes and ASCE 7-05 will primarily affect the design
of the proposed athletic facility. The publication contains wind, snow, and seismic loads and load
factors to assume given the location of the project (2009, International Code Council).
2.3 Community Impact

The bridge and building will both impact the surrounding community. After construction,
both will provide a positive impact to not just the WPI community, but to the Worcester
community as well.
2.3.1 Massachusetts Zoning Districts

Across the State of Massachusetts, each city or town is required to have ordinances and
regulations regarding the different zoning districts within the city or town. The different zoning
districts regulate the different types of land use that may occur. The districts in Worcester, MA

include are listed in Table 3 below.

Proposal Table 3: Various zoning types present in Worcester, MA

Massachusetts Zoning Districts
Residential Institutional
Industrial Airport
Business Open Space
Manufacturing Overlay

Each of these districts have sub-areas which fall into different permitting requirements
for the types of land use. Permits fall into four usage areas, each with a set of subsections:
residential use, general use, business use, and manufacturing use. Usage is either permitted in the
district, not permitted in the district, or requires a special permit. According to the Worcester,
MA zoning map dated February 6th, 2017, our proposed site falls into the Institutional
(Educational) district of the City of Worcester which is consistent with the rest of the WPI

campus. In accordance with Article IV Section 2 Table 4.1, non-residential parking facilities,
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recreational/service facilities, and schools (non-profit) are permitted in the Institutional
(Educational) district of Worcester. According to Article IV Section 4 Table 4.2, there is no
minimum area or frontage; the front, side, and rear setbacks are 15 feet, 10 feet, and 10 feet
respectively; there is no maximum number of floors or maximum height; and there is no floor to

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

When the current Sports and Recreation Center was constructed, insurance costs for
insurance of WPI’s faculty were reduced. This was because the new center opened up more
space for the WPI faculty to work out and use the facility. A new athletic performance center
would have additional space for offices and the athletic training staff, creating new recreation
space in the current Sports and Recreation Center for students and faculty. As the number of
students in the incoming graduating classes continues to increase, it is important that the space
provided can handle the student body. A new campus building will help WPI be successful as it

continues to grow and expand in the future.

The City of Worcester is heavily reliant on the students, faculty, and visitors of the
twelve universities that make up the Worcester Consortium. Every year thousands of students
move to Worcester to earn an education and grow as individuals. These students help drive the
local economy by providing a steady flow of revenue and labor. Students also lead community
service and social activism movements that help to improve the quality of life for the permanent
residents of the city. By improving the quality of the facilities at one of Worcester’s most
prevalent universities, it will attract more highly-skilled students to the city and help the local
economy continue to grow. Outside of the increased student population, the proposed facility
will provide a landmark for the city and generate numerous jobs during the construction phase of

the project.
2.4 Sustainability

Sustainability should be at the forefront of every engineer’s mind when designing or
proposing a new structure. Designing structures to be sustainable not only makes economic
sense, it also makes ethical sense. Being a technical and engineering school, WPI promotes
sustainability with great significance. This means that any building or structure that WPI builds

in the future will need to be sustainably designed and environmentally friendly (Ryan, 2017). As
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students of this Institution and future civil engineers, it is our ethical duty to ensure that this
project is delivered in a manner that is both environmentally-friendly and sustainable for the
generations of community members to come. Designing a structure sustainability means that it
has a smaller impact on the environment, whether that impact be immediate or in the future and
ultimately means leaving a better planet for the next generation. Reducing the environmental
impact of a construction project could include reducing the amount of energy used to build it,
reducing the amount of greenhouse gases released from construction or materials, or reducing the
amount of energy the building consumes over its lifetime.

In order to design a bridge or building with sustainability in mind, we must be conscience
of the building materials, design, and construction processes that will be used. “Humphreys and
Mahasenan (2002) estimate that the cement industry is responsible for 3% of global
anthropogenic greenhouse gas emissions and 5% of global anthropogenic CO2 emissions”
(Noguchi, 2015). This shows that using cement to build a structure has environmental impacts
that must be taken into account when designing sustainably. The amount we use isn’t the only
concern though. “Service life can be dramatically extended with little or no increase in — or even
a reduction of — the environmental load” (Vanderly, 2003). If we can make the same amount of
cement last longer, it won’t need to be replaced as fast and will have a smaller environmental
impact over its lifetime.

When designing a structure, we must not only be critical of the global impact, but also of
the local environmental impact. When a structure is built on a particular site, the properties of the
location can change dramatically. For example, the area of permeable surface can decrease,
causing an increase in rainwater runoff, and altering the current runoff and drainage
characteristics. This can impact the local environment in many ways that are difficult to predict
as is the case with erosion, flooding, and chemical dispersion. Depending on the site, a new
structure may also alter or destroy animal and plant habitats, displacing or placing stress on the
local animal community. For this reason it is important to asses each site and design ways to
minimize the structure's impact on its surrounding area. When changes must be made to the local
site, the impacts should be fully assessed and analyzed prior to construction in order to be

prepared for potential complications

2.5 Economics
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A project of this size is guaranteed to have a large initial cost associated with it. When
considering this initial investment one must consider the major costs of engineering services,
construction materials and building systems, project management, and long-term maintenance. A
complete cost analysis will be performed following the completion of the final structural design
of both the bridge and the athletic building. The “2017 Building Construction Costs Book with
RS Means” (Plotner, 2017) will be used to create this cost analysis. However, in order to provide
a rough estimate for the new facility, similar facilities’ costs can be utilized. The 78,000 ft2.
Foisie Innovation Studio and Messenger Residence Hall will cost Worcester Polytechnic
Institute approximately $49 million (WPI 2017). While the Foisie facility provides living spaces
and does not include a pedestrian bridge, it does provide insight into the cost of erecting a new
building in Worcester, MA. The proposed athletic facility will provide approximately 51,000 ft?
of extra space to WPI. By making a direct comparison to the Foisie Studio it can be inferred that
the proposed athletic building would approximately cost $32 million.

Recently, the city of Worcester was ordered by a Superior Court to construct an elevated
pedestrian bridge connecting the DCU Center to the Hilton Garden Inn and the Major Taylor
Parking Garage in the city’s downtown district (Moulton 2016). This mandate comes following a
recent traffic accident in the area. The proposed bridge is to be 275 ft. long and 10ft. wide, and
has an estimated cost of $10 million. The proposed pedestrian bridge on WPI’s campus would
span approximately 450 ft. and be 10 ft. wide. Using the same direct comparison method used
above, a rough cost estimate of the proposed bridge is $16.4 million. When added to the cost of
the athletic building, a total project cost of $48.4 million can be derived.

It is important to note that the direct comparison method does provide good insight into
construction costs in the Worcester area, but it does not provide exact values for the project.
There are numerous differences between the proposed facility and the two projects used as
reference. The new building will require a parking lot, field turf, and different finishes, etc. than
the Foisie studio which will alter the final project cost. The pedestrian bridge also differs as it
will be enclosed and have various security restrictions. The proposed building and bridge would
also be built at a different time than the example projects, altering the cost estimates further. For

this reason, the initial cost of the project should be seen as a preliminary projection.

2.6 Ethics
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Many designers follow a number of codes that act as guiding principles for engineering,
design, and construction decisions. Codes often protect both workers and clients from poor
business practices. The American Society of Civil Engineers (ASCE) states that “ethics is
integral to all decisions, designs, and services performed by civil engineers.” Not only the public
trust but also their lives, safety, and welfare depend on professional engineers' efficient, safe, and
economical performance of their duties. ASCE has programs, policies, and resources that are
designed to help professionals understand their ethical obligations and how to incorporate them
into their professional careers. For this project, we plan to design our pedestrian bridge and
building while upholding the principles stated by ASCE. These principles state that “engineers
uphold and advance the integrity, honor, and dignity of the engineering profession by using their
knowledge and skill for the enhancement of human welfare and the environment, being honest
and impartial and serving with fidelity the public, their employers and clients, striving to increase
the competence and prestige of the engineering profession, and supporting the professional and
technical societies of their disciplines” (ASCE, 2017).

Since this project is entirely theoretical, it can be very easy to ignore or alter problems
that are faced during the design of the pedestrian bridge or building. We will, however, uphold
the same ethical policies and principles as if this project was for a real-world application. This
includes the risks and dangers involved in designing infrastructure that will be used and occupied
by students and faculty. During the design process of the proposed structures, the governing
regulatory requirements and design standards will be used and issues related to safety will not be
ignored. By doing this, the ethical standards of the ASCE and the engineering community will be
upheld.
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3.0 Methodology

This section presents the process of how the project is going to be completed. A project

of this magnitude has many major phases and minor steps, and it is critical to the success of the
project that it is completed in and organized and timely manner. Table 4 displays both the major
phases and minor steps used to complete the scope of work. Figure 2 shows the schedule that

will be followed to complete the scope of work.

Proposal Table 4: Proposed methodology breakdown

Project Methodology Summary

Site Survey

Site visit and evaluation

Obtain Sports and Recreation Center drawings with reference elevations

Topographic confirmation survey and cross-section topographic diagram

Establish Design Goals

Interview key stakeholders (Athletics Department and WPI Facilities)

Develop architectural program

Establish Design Parameters

Set functional restraints and requirements based upon the architectural program

Research permitting, ADA restrictions, AASHTO, and MA Building Code design criteria

Structural Analysis and Design of Athletic Facility

Establish structural grid and structural systems

Design calculations for structural system members, including beams, columns, and footings

Comparison of structural grids and systems

Structural Analysis and Design of Bridge Structure

Develop comparison criteria to structure and determine applicable materials: steel, concrete

Design calculations for bridge enclosure, spans, columns, and footings

Evaluate various design alternatives

Develop Final Structural Design of Pedestrian Bridge

Design bridge connections on both ends of the span

Computer simulations of final structural components in RISA

Identify potential structural issues and develop a plan to mitigate

Provide recommendations to WPI and future student projects

Cost Analysis
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RS Means cost analysis

Total material quantities and associated costs

Estimate design and construction labor costs and calculate total project cost

Feasibility analysis

Deliverables

Final project report

Computer models: Revit renderings and AutoCAD floor plans and cross-sections

Structural calculations

Project cost estimate

Complete Propossl )

Building Roof Structure =
Building 2nd Floor 0]
Building Column Sizes =
Fall Break —
Complete Building Structural Design —————
Cost Analysis (Building Structure) )
15t Draft of Final Report ———
2nd Draft of Final Report ===
Completed Bridge (Structural Design) [—
Winter Break —/—
Completed Final Report Draft L —
Completed Final Report [
Draft of Building Renderings —3
Completed Building Renderings —
Completed Cost Analysis .
Completed Poster Board ===
Spring Break
Submit CDR Form

==
 s—

Print Post Board e
——————)

Presentation Prep

@ Duration (Days)

Proposal Figure 2: MQP Methodology Schedule

3.1 Site Survey

In order to properly design both the athletic building and the pedestrian bridge, various
site elevations are required. This will be accomplished by conducting an in-depth site survey of
A.J. Knight Field and the proposed span location of the pedestrian bridge. It is crucial that the
surveying equipment be properly leveled and operated. The equipment will be relocated and
backsight as necessary to account for any visibility difficulties. The team will create a base point
on top of a manhole cover located at the base of the Sports and Recreation Center and designate
this as the datum surface. Following this, elevations will be taken in 10 ft. increments along the
current walkway between Alumni Field and the parking garage. This elevation line will continue

up the hill on the inside of the current fence and out onto the sidewalk along Park Avenue. Being
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mindful of the flow of traffic, elevations will be gathered for the road surface, as well as the
sidewalk on the opposite side. Lastly, the line will be completed at the edge of the A.J. Knight
tennis courts. This data will be compiled into a cross-sectional diagram detailing current site
elevations and cross-referenced with construction documents for the Sports and Recreation
Center and elevations available online.
3.2 Establish Design Goals and Develop Architectural Program

Once the site has been surveyed, it will be important to develop the required functionality
and architectural program of the facility. Interviews with both the WPI Athletics and Facilities
Departments will be conducted to determine their current spatial needs and how the proposed
facility can solve them. The questions used to help guide the interviews will be made available
within the Appendices of the final report. Following these interviews, various design
requirements and constraints will be established based on the intended use of each space within
the facility. This architectural program will be used to guide the structural system and layout of

the facility.

This project aims to increase the training space available to WPI varsity athletes and in
turn free up space in the already-crowded Sports and Recreation Center. The layout for the new
facility is shown in Figure #. The new facility requires space for strength training, athletic
training, team-specific meeting space, and large open area to hold athletic events and practices.
For this reason, the new structure will need a large open space without columns and minimal
columns throughout the remainder of the building. The large open space must be two stories tall
to allow for athletic events. The layout allows for large structural columns directly down the
centerline of the building and along the perimeter.

The usages of each room shape the various loads that will be present within the space.
The weight room facility will be located on the 1st floor of the building to allow the added load
from the weights and equipment to not have to be carried by the structural columns. This allows
for the space on the second floor to be utilized for uses that entail lighter loads, such as athletic
training and meeting space, because these columns will be taller and responsible for supporting
the roof, as well. A space such as this should optimize the amount of floor space possible to
increase the number of potential activities it can hold, and the facility will be designed

accordingly.
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3.2.2 Bridge Architectural Program

The project aims to expand and connect the WPI campus by improving accessibility and
safety through the design of a pedestrian bridge. Given that this bridge expands the reach of the
campus, it is critical that the final architectural layout blend the new athletic facility into the rest
of campus. A technical institution, such as WPI, requires that structures be modern, efficient, and
be of high quality. For this reason, the bridge will be sheathed with tempered glass and will
support solar photovoltaic modules on its slanted roof. However, given the bridge’s location over
a busy highway, its proximity to both the football and softball fields, and exposure to the harsh
New England climate, it will be important that the materials chosen for the design provide
durability and longevity.

The bridge will be laid-out in order to accommodate to lanes of pedestrian traffic for
individuals coming to and from the new athletic facility. Space below the sloped roof will be
delegated for the mechanical, electrical, and plumbing required to make the transition between
buildings seamless. In order to improve the energy efficiency of the pedestrian bridge and
increase the safety of its users, both ends of the bridge will be outfitted with vestibules that are
accessed via WPI L.D. credentials. Lastly, the bridge will utilize minimal structural support
columns to minimize the impact on the current athletic facilities and provide ramp access to and

from the current Rooftop Field.
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Proposal Figure 3: Proposed athletic facility floor plan
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3.3 Establish Design Criteria

Following the completion of the architectural program, research must be performed to
determine the pertinent design codes and restrictions on the proposed facility. Due to the broad
scope of the project, both Massachusetts Department of Transportation (MassDOT) guidelines
and Massachusetts State Building Code must be considered. In addition to adhering to AASHTO
guidelines, MassDOT publishes an LRFD Bridge Design Manual which includes various loading
and dimensional requirements. The Massachusetts State Building Code will provide the
information necessary to design a building in Worcester, MA. This information will be critical in

developing the facility’s structural design.

3.4 Structural Design and Analysis

Structural design calculations are required for both the athletic building and pedestrian
bridge. The design of the building will be completed prior to the start of the bridge design.
Building calculations will be performed from the top down, starting with the roof system, then
2nd and 1st floor beams and girders, and lastly columns and footings. LRFD design will be used
for the entirety of these calculations. The bridge design will be done in a similar manner.
Calculations will start with bridge enclosure, followed by the bridge deck and support girders.
The final step in the design of the facility is develop an effective method of connecting the
pedestrian bridge to both the Sports and Recreation Center and new athletic building.
Calculations will be performed on this connection to ensure the structural stability of the Sports
and Recreation Center remains intact.

Structural analysis software, such as RISA 3D, will be used to simulate how the
calculated members interact with one another. This will identify any potential design errors and
areas for improvement. These errors will be corrected and the design will be reevaluated until it
is considered satisfactory and capable of fulfilling all of its functional requirements.
Recommendations to WPI and future student project groups will be established based on the

results of this analysis.
3.5 Evaluation of Alternatives

During the structural design of both the athletic building and pedestrian bridge, various

alternatives for structural systems and materials will be evaluated. For the athletic building, steel
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will be the design material used in the structural framing and system. Two different structural
roof systems will be considered and then evaluated based on the final cost of steel. We want to
ensure the structural system variations will safely resist the dead and live loads present, but also
be as cost effective as possible. In our pedestrian bridge design process, we will begin with an
evaluation of materials. The materials will be evaluated based on strength, serviceability, and
cost. Not only will alternative materials be considered, but alternative structural systems will be
evaluated as well. This will allow the project to most optimally meet the needs of WPI while still
remaining cost-effective.

3.6 Cost Analysis

As cost is a parameter that a private client like WPI is especially concerned with, and a
project cost analysis will be performed in order to ensure that the project is feasible. The 2017
R.S. Mean Building Construction Costs Book will be used to reference the current costs of
materials and material quantities will be taken from the final structural design. Industry standards
will be used to arrive at design service and construction labor costs. A total project cost will be
established to allow for comparison to previous projects completed by WPI and provide insight

to the feasibility of funding the project.
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4.0 Deliverables

The completion of this project will provide a structural design of both the proposed

athletic building and pedestrian bridge. This design will include analysis of structural members, a
cost analysis of the overall project, and computer renderings of the final facility. A final report
and write up of the hand-written calculations that have been checked using available software
will be provided. Lastly, our team will present graphical representations of important data for
better and easier understanding and presentation. These activities will culminate in a presentation
of the work completed to WPI faculty, members of the Civil Engineering Department, and

current students.

Deliverable Primary Author(s) | Assistant Author(s)
Proposal All All
Building Structure Liam Elijah
Building Foundation Elijah Liam
Bridge Structure Kaitlin Conor
Bridge
Columns/Foundation Conor Kaithin
Cost Analysis Elijah All
Building Renderings Liam All
Bridge Renderings Conor All
Final Report Kaitlin All
Background Chapter Elijah Conor
Methodology Chapter Liam Kaitlin
Bridge Design Chapter Conor Kaitlin
Building Design Chapter | Elijah Liam
Analysis Kaitlin Liam
Report Edits All All
Paper Formatting Conor All
Poster Design Liam Kaitlin

Proposal Table 5: Deliverable responsibilities
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Appendix B: Site Maps and Images

Figure 50: Side view of Parking Garage Field

Figure 51: Elevated view of proposed bridge span
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Figure 53: Aerial Map of Bridge Span and Building Site
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Figure 54: Base of Sports and Recreation Center
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Appendix C: Survey Data and Analysis

This section shows the raw data from the site survey that was conducted as well as the cross-

section diagram of the site created using the survey data. All heights and elevations are shown relative to

the base of the Sports and Recreation Center which was assumed to have an Elevation of 0°-0”.

C.1 Site Cross-Section Diagram from Site Survey Data

/Tennls Courts

17.5'
Clearance

1T

o\

091
4.35'

761022

\elalive height to base of Rec Cenler/

C.2 Site Survey Raw Data

Figure 55: Site survey diagram

Table 39: Complete Survey Data

Back Height
Point # (10' apart) Site (ft) (f) Notes
1 4.81 0 Base of Rec Center assumed to be elevation 0'0"
2 4.97 -0.16 Walkway
3 5.025 -0.215 | Walkway
4 5.13 -0.32 Walkway
5 5.2 -0.39 Walkway
6 4.93 -0.12 Walkway
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7 4.71 0.1 Walkway

8 4.71 0.1 Walkway

9 4.71 0.1 Walkway

10 4.73 0.08 Walkway

11 4.73 0.08 Walkway

12 4.72 0.09 Walkway

13 4.72 0.09 Walkway

14 4.72 0.09 Walkway

15 4.71 0.1 Walkway

16 4.72 0.09 Walkway

17 4.71 0.1 Walkway

18 4.71 0.1 Walkway

19 4.71 0.1 Walkway

20 4.68 0.13 Walkway

21 4.72 0.09 Walkway

22 4.72 0.09 Walkway

23 4.72 0.09 Walkway

24 4.7 0.11 Walkway

25 14.69 0.09 Walkway

26 14.71 0.07 Walkway

27 14.7 0.08 Walkway

28 14.68 0.1 Walkway

29 14.71 0.07 Walkway

30 14.73 0.05 Walkway

31 14.71 0.07 Walkway

32 12 2.78 Retaining wall by entrance to Alumni Field
33 8.23 6.55 Hill at Alumni Field

34 4 10.78 Hill at Alumni Field

35 2.25 12.53 Top of hill at Alumni Field
36 2.34 12.44 Downslope of hill towards sidewalk
37 4.56 10.22 | WPI side 122A sidewalk
38 5.02 9.76 WPI side of Route 122A
39 5.04 9.74 Field side of Route 122A
40 3.87 10.91 Field side 122A sidewalk
41 10.44 14.35 Retaining wall by A.J. Knight Field
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42 8.31 16.48 | Hill at A.J. Knight Field
43 6.5 18.29 | Hill at A.J. Knight Field
44 4.87 19.92 | Hill at A.J. Knight Field
45 2.87 21.92 Tennis Courts
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Appendix D: Design Specification Sheets

This section contains the various published design aids that were utilized throughout the
design of the proposed facility. Further information regarding their usage can be found within the

Design Methodology Sections.

107



MQP LDA-1801

D.1 Building 2" Floor Deck Spacing

i BE:
o
s

,

CME Ioist & Deck | ——————————————
=PI LA LA

3" LOK-FLOOR 3"x12"deck F,=40ksi f' =3ksi 115 pcf concrete
Studs are not
required for
composite slab
i ) action, Studs on
} the cross-sechon
i ; indicate that it is |
| possible 10 install [T |
| ) studs at the beams ]
24* and 36" cover (36° shown)
| Gape | ! RN A b | 5 S 0 oRw Va | studs
{22 1 googsc | 17 0500 | 0765 | 0416 0.441 720 1270 2200 | 058
5 20 | 00358 | 21 0610 | 0955 0.548 0.577 820 1450 3420 | 071
m 18 | 00418 24 0.710 133 0.880 0.692 1100 1930 4660 0.83
o 18 | 00474 | 28 0810 | 1.261 0.793 0.7%0 1380 2430 5800 | 08¢
g 6 | 00598 | 35 1. | 1593 0.898 0.998 2120 3710 7420 | 0.4
O
e ‘
s | oame | oA | v | ow s = BB e i e As
| Deom ink i e pst n n* Bs. span. | span” | ispan i
5.50 62 44 37, 333 38 125 7.5 4820 50 | 1083 1118 023 |
L o 800 70.94 42 375 | 43 1Ak 96 | 5130 | 820 | 1026 10.68 027
=% o 625 751 44.3 396 | 46 1.5¢ 10.8 803 | o988 10.28 029
| @ | 650 78.44 6. a7 | a8 164 121 80 | 5450 86 | 952 92 032
; hid 7.00 B7.94 515 456 | 53 184 14 6272 57 1 88 .25 036
[ N 72 9218 53 476 55 14 T 66.24 5980 43 60 95 038
= —7.50 06,44 56 500 58 2.05 18 65.80 6130 28 33 67 041
i .00 104.94 61 542 62 219 | 7702 5480 81 83 | 816 045
| 550 74.69 7.4 333 38 1.50 81 | 5102 | 5250 | 1010 248 | 1289 023 |
! o 600 85.06 a2 375 43 172 10. 5871 5870 | 166 | 1215 027
! o625 90,25 24, 3% | 46 1.84 116 | G260 | 6180 | 942 123 | 1160 026
[ @ | 650 95.43 6. 417 48 96 10| 6674 | 8510 | 923 10.83 1128 .032
= |__7.00 105.80 51. 458 53 20 16. 7506 | 7000 87 10.10 10.52 036
5 Q735 110.96 Y 476 55 33 2 978 1018 036 |
750 116,17 56. 500 58 46 ¥ 9.47 9.86 041
00| 126.54 61 542 63 = 891 928 .045 |
2 850 % 37 ¥ 1 14.15 023
600 67.43 2 375 1 1358 027
S 62 | 036 | a 396 1 1333 029
@ 50 102.50 46 | .417 12 13.08 .032
D500 2157 | s 258 12 12.63 .036
72 127.80 53, 478 12 12.42 038
| 750 13364 56. 500 1 1222 041
X & 61 542 1 11.85 045
374 .333 38 1 1511 023
= a2 375 43 1 14.52 027
o 44, 396 46 029
| 28, 217 a8 032
o 51 458 53 036 |
L 53 479 55 .038
i 56.3 500 58 061
i 61 547 (3 045
37 38 .
- 42, 0575 43 3 027
k=Y a4 0.396 48 > 88 14 80.70 £180 1318 | 1544 15.67 029
o 46 0417 a8 08 156 | eso4 €510 1281 | 1647 15.49 032
e 513 | o0ase 53 4 196 | 9672 7170 1240 | 14.66 1515 .036
o 53 478 55 .67 217 | 10224 | 7510 121 14.42 1490 | 0038
56 500 58 87 238 | 10782 | 7860 11,94 1419 14.67 0.041
J 61. 542 62 29 286 | 11918 8570 11.60 13.77 13.23 0.045
= Note:
farte 50 ksi material is also available.

= See website for load tables.

3" LOK-FLOOR - LW

108



MQP LDA-1801
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@ 305 270 240 175 155 140 125 115 105
o 345 305 270 195 175 160 145 130 120
= 365 325 290 205 185 170 155 140 125
385 340 305 220 195 480 160 145 135
400 380 335 245 220 200 180 165 150
270 240 215 155 120 125 115 105 o5
- 310 275 245 80 160 145 130 120 110
o 335 295 265 190 170 155 140 30 115
< 355 315 280 205 185 165 150 135 125
o 400 355 315 230 210 190 170 155 140
=] 400 375 335 245 220 200 180 165 150
400 400 355 255 230 210 190 175 50
400 400 395 285 260 235 215 195 75
305 270 245 175 160 345 130 120 10
> 355 315 280 205 185 185 150 140 25
; 380 335 300 220 195 180 185 150 135
< 400 360 320 235 210 190 175 160 145
o 400 400 3860 265 240 215 195 180 165
=) 400 400 385 280 250 23D 210 190 175
400 400 400 295 265 240 220 200 185
400 400 400 325 295 270 245 225 | 205
305 270 245 175 160 185 130 120 110
5 355 315 280 205 185 185 150 140 125
o 380 335 300 220 185 180 165 150 135
] 400 380 320 235 210 180 175 160 145
o 400 400 360 265 24D 215 195 180 165
© [ 725 | 40224 400 400 385 345 310 280 250 230 210 190 ATS s
750 | 10782 | 400 400 400 360 325 295 265 240 220 200 185
800 | 11918 400 400 400 400 360 325 295 270 245 225 205
p—
[ ] susatmotoc. | | No Studs

“Manufacturers of LU 4 United Steel Deck products”

FLOOR DECK
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Appendix E: Building Calculations

This section contains the necessary hand-calculations required to properly design the
proposed athletic building. Each section shows the typical methodology for determining the
proper members for the structure. Microsoft Excel spreadsheets were then used to recreate these
calculations multiple times to increase efficiency. Screenshots of these spreadsheets are included

at the conclusion of their appropriate sections.
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E.1 Roof Truss Calculations
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BAY PROPERTIES UNITS
Truss Length (ft) 100.000 ft
Truss Spacing (ft) 25.000 ft
Vertical Member Spacing 10.000 ft
Number of Diagonals 10.000 Members
Number of Horizontal Members 20.000 Members
Number of Vertical Members 11.000 Members
Bar Joist Spacing 10.000 ft
Imposed Dead Loads

roof deck (psf) 10.000 psf
insulation (psf) 2.000 psf
MEP (psf) 5.000 psf
Bar Joists 1.000 psf
ceiling (psf) 3.000 psf
Total Dead Load (psf) 21.000 psf
Live Loads

snow (psf) 42.400 psf
roof (psf) 20.000 psf
Infuencial Live Load (psf) 42.400 psf
Member Properties

Chord Shape WT9x715

Chord Area 0.146 sf
Diagonal Shape LL4x40x3/4

Diagonal Area 0.076 sf
Diagonal Length 10.770 ft
Vertical Shape LL3x25x3/16

Vertical Area 0.013 sf
Vertical Length 4.000 ft
Truss Self-Weight 7.424 psf
Total Dead Load - Interior Panel 6881.040 Ib
Total Dead Load - Exterior Panel 3453.020 Ib
Total Live Load - Interior Panel 10600.000 Ib
Total Live Laod - Exterior Panel 5300.000 Ib

Factored Loads (Interior)

1.4°D 9633.456 |[Ib
1.2*D+1.6*(Lr or S or R)+(L or 0.5*W) 25217.248 |Ib
Use this W (sub) u 25217.248 |Ib
Factored Loads (Exterior)

14D 4834228 |Ib
1.2*D+1.6*(Lr or S or R)+(L or 0.5*W) 12623624 |Ib
Use this W (sub) u 12623624 |bb

Forces in Panel #5

[Vertical Reaction

126101.242 I

788.039 k
Available Strength 809.000 k
305.548 k
Available Strength 353.000 k
Cost Analysis
Siton $3,900.00
Total Material Cost $289.542.29
OTHER PROPERTIES UNITS
phi 0.90 (no units)
Fy 50.00 ksi
Es 29000.000 [ksi
Steel Weight 490.000 pcf

Figure 56: Roof truss calculation spreadsheet

114




MQP LDA-1801

E.2 Roof Beam/Girder Calculations
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BAY PROPERTIES UNITS W (sub) u
Beam Length (ft) 25.000 |ft 1.4°D 70.000 |Ib/ft
Beam Spacing (ft) 2500 |ft 1.2*°D+1.6%(Lr or S or R)+(| 229.600 |Ib/ft
Girder Length (ft) 25000 |ft Use this W (sub) u 229600 (Ib/ft
Girder Spacing (ft) 25000 |ft
Dead Loads M (sub) max 17.938 |k-ft
roof deck (psf) 10.000 (psf Z (sub) x [greater than or)f 4783 [in"3
insulation (psf) 2000 (psf
MEP (psf) 5000 (psf Find a Zx value that is greater than this in the steel manual
ceiling (psf) 3.000 |psf |Z (sub) x 4783 |[in"3
Total Dead Load (psf) 20.000 |psf
Live Loads W 12x16
snow (psf) 42 400 |psf dead load of beam 16.000 |Ib/ft
roof (psf) 20.000 |psf Z (sub) x 20.100 |in"3
Infuencial Live Load (psf) 42 400 |psf | (sub) x 103.000 |in~4
OTHER PROPERTIES UNITS Updated loads
phi 0.90 |(no units) W (sub) u 243 800 |Ib/ft
F (sub)y 5000 (ksi M (sub) max 19.438 |k-ft
E (sub) s 29000.000| ksi Z (sub) x 5183 |[in"3
beam is ok?
delta L 0.156 |in
L/360 0.833 |in
1inch max 1.000 |[in
deflection restraint 0.833 in

is live load deflection ok? -

delta T

0.350

Li240

is total deflection ok?

1.250

Figure 57: Building roof beam/girder calculation spreadsheet
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BAY PROPERTIES UNITS W (sub) u
Beam Length (ft) 25.000 |ft 1.4°D 927.500 |Ib/t
Beam Spacing (ft) 12.500 |ft 1.2*D+1.6%(Lr or S or R)+(L or 0.5*W) 2495.000 (Ib/ft
Girder Length (ft) 25.000 |ft Use this W (sub) u 2495.000 (Ib/ft
Girder Spacing (ft) 25.000 |ft
Dead Loads M (sub) max 194922 |kt
flooring 45.000 |psf Z (sub) x [greater than or equal to] 51.979 [in*3
MEP (psf) 5.000 |psf
ceiling (psf) 3.000 |psf Find a Zx value that is greater than this in the steel manual
Total Dead Load (psf) 53.000 (psf IZ (sub) x 51.979 [in*3
Live Loads
assembly area 100.000 |psf W 14x34
Infuencial Live Load (psf) 100.000 |psf dead load of beam 34.000 |lb/t
Z (sub) x 54600 [in*3
K (sub) LL 2.000 | (sub) x 340.000 (in*4
Reduced Live Load 85.000 (psf
Use this live load 85.000 (psf Updated loads
W (sub)u 2535.800 | Ib/ft
OTHER PROPERTIES UNITS M (sub) max 198.109 |k-ft
phi 0.90 [(no units) Z (sub) x 52829 |[in"3
F (sub)y 50.00 |ksi beam is ok?
E (sub)s 29000.000| ksi
delta L 0.474 |[in
L/360 0.833 |[in
1 inch max 1.000 |in
deflection restraint 0.833 in
is live load deflection ok? -
delta T 1.094 |in
Li240 1.250 |in

is total deflection ok?

Figure 58: Building 2nd floor calculation spreadsheet
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E 4 Bulldlng 2" Floor Slab Calculations
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Dead Load units Live Load units
Roof Decking 10.0 psf Floor Load psf
Insulation 20 psf Snow Load 42 4 psf
MEP 50 psf Roof Load 20 psf
Bar Joists 1.0 psf
Ceiling 1.0 psf Influential Live Load psf
19.0 psf
Truss Dead Load 74 kips per truss per 200
Interior Beam 340 Ib/ft
Exterior Beam 26.0 Ib/ft
Interior Girder 108.0 Ib/ft
Exterior Girder 34.0 Ib/ft
Column ID Column Description Column Size lumber of Columns
C1 Exterior field side of building, on the 175" length W 12x53 6
Cc2 Exterior fiield side of building, on the corners W 12x53 2
c3 Interior middle of the entire building W 12x53 6
Cc4 Exterior office side of building, on the corners W 12x53 2
c5 Exterior office side of building, on the 175" length W 12x53 6
Cc6 Exterior office side of building, on the 200" length W 12x53 6
c7 Exterior field side of building, on the 200' length W 12x53 6
Ccs8 Interior middle of the office side of the building W 12x53 6
CS Exterior middle of the entire building W 12x53 2
total 42
Figure 60: Building Column Loading and Descriptions
DIMENSIONS LOAD CASE
Column Length (Lx) 30.0 ft 14D 4193 kips
Column Length (Ly) 30.0 ft 1.2°D+1.6"L+0.5%LrorSorR) 62.44 kips
Tributary Area 1250.0 fta2 1.2*D + 1.6*(Lr or Sor R) + (0.5"L or 0.8*W) 120.74 kips
P (sub) u (Use this load case) 120.74 kips
LOADING
Roof Decking 10.0 psf Look at Table 4-1 for a phi Pn value greater than 120.74 kips
Insulation 20 psf W 12x53
MEP 50 psf dead load of beam 53.00 Ib/ft
Bar joists 1.0 psf phi P(sub)n 167.00 kips
Ceiling 3.0 psf | (sub) x 425.00 in"4
Truss Load g kips | (sub)y 95.80 in"4
Total Dead Load (D) 30.0 kips r (sub) x 523 in
Floor Live Load (L) 00 psf r(sub) y 2.48 in
Snow Load 424 psf r(sub) x/r(sub)y 21 no units
Roof Load 20.0 psf A(sub)g 15.60 in"2
Influential Roof Live Load (Lr or S or R) 424 psf
CHECK
MATERIAL PROPERTIES Lx/rx 68.80 no units
Yield Strength (F (sub) y) 50.0 ksi Ly/ry 145.16 no units
Modulus of Elasticity 290000 |ksi governing value (larger) of two above 145.16 no units
phi 09 no units check (4.717square root of E/Fy) "reference” 113.43 no units
F (sub) e 13.58 ksi
F (sub) cr if less than 10.71 ksi
F (sub) cr if greater than 11.91 ksi
Use this Fcr 11.91 ksi
Phi * P (sub) n 167.25 kips
Phi Pn is greater than Pu

Figure 59: Building Column Example
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E.6 Building Lateral Reinforcement Calculations |
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-14.3k

ember ion ections ombination, -
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14 4 -107 486 |3270.257 |~ Demonstration Version
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19 4 -175 736 NC
20 5 -186 768 NC
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25 5 -575 - 142 NC
26 1 W7 1 -767 -203 NC
27 2 -767 -179 NC
28 3 -767 -188 NC
29 4 -768 -199 NC
30 5 -768 -186 NC
31 1 M9 1 0 0 NC
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E.7 Building Seismic Calculations
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E.8 Building Footing Calculations
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Local Column Name Column Size |Length (ft) | Column Self Weight (Ibs/ft) | Factored Load (Pu in kips) COLUMN PROPERTIES (W 12x53)
C1 W 12x53 30.0 53.0 134.24 d 12.1 in
C2 W 12x53 30.0 53.0 17.34 b (sub) 10 in
C3 W 12x53 30.0 53.0 3467
C4 W 12x53 30.0 53.0 43.15
C5 W 12x53 30.0 53.0 140.78
C6 W 12x53 30.0 53.0 76.44
Cc7 W 12x53 30.0 53.0 3467
C8 W 12x53 15.0 53.0 185.91
C9 W 12x53 30.0 53.0 76.27
LOADING
Total Roof Dead Load 30.00 psf
Truss Dead Load (Roof) 7.40 kips per 100 of truss
Snow Load (Roof LL) 42.40 psf
2nd Floor Total Dead Load 18.00 psf
2nd Floor Live Load 100.00 psf
Interior Beam Load (DL) 34.00 Ib/ft Contributing Length ft
Exterior Beam Load (DL) 26.00 Ib/ft Contributing Length ft
Interior Girder Load (DL) 108.00 Ib/ft Contributing Length ft
Exterior Girder Load (DL) 34.00 Ib/ft Contributing Length ft
Phi (sub) ¢ 0.65
F (sub)y 36.00 ksi

Figure 62: Building Footings Loading Conditions

LOADING PROPERIIES AND LOAD CASES Intencr Egam Lengh (1) n Chack Bganng Srengi of Conrste Ong Way Snaar Assumptong
Treudsry es %25 [r2 Dierer Deemlench | 000 [t miPisd)p | 469827 iss Visble | 7401380 ko focioaDesh | 40 ¢
Colsm Lengh 00t teroe GrderLengh | 000 [t Cresterhen Py Vistly 40985 [0 Qs W |
T 10! P By |us P Geds Lengh| 000 |1 stivist)c | 5578500 |1 e 0 |
Sol Capatly I Tosss Porin ) B 15 |n PivC - 0 00 |
Factored Load (Py) 1M ps il 29 Inksd rom colmn shost n 2 n | gamma o0t 1500 pt
Phi (sub) ¢ 085 [rownds G 25 [n g0mma sol 000 [pd
F'c W s ( 25 |n n e %50 |od
P sub) sesr 075 [rowis s
Lamoa (roma vegolconete) | 100 [rouees ‘m: Teq | 0219 [n ‘ s Utoesloe] 18 s
Usas trq 02 n 3 QiER)e 25 2
3 Arsq 55 2
Alst) g I Rontet Drensens S Desn mive v (I b a|r
25 [t 25 |t | FoogDeoh | B [ hssumedd 65 |t
: TG % o | 4 7B5  [non
Rortoycemsnt
Coveron 3 o FockredLood | 113 igs
Botom
ASsames Vabe of SORT (A2A1) | 245000 [nounss Nosgaend 1 |non i)y o |2
M w |m ¢ ®00 [ren
o 1B |n Base Fiats Dmensions Patastal Dmensons 56 L3 Punchng Shaar
N 3 |n m [n a0 [n | SeniceLve Lo R4 [ip Belac 11
8 0 [n M [n a0 |n | Ssncload | 903 i i 075 [nownts
Al 200 2 q{b)u " | mn 40 nounis
A 200 ? Bela 1 186868887 | o unis Sqil'c o1
SORTIA2AY) 24808 |rouvts apas 2 |mwks (2] 2 m
=
oo ; A 03
uo o #0 [n | B 22
20 [n o | c 188
Al 168.00 2 . . oot 1 173
R . mn oot 13
Use the for d 120 |n

Figure 61: Building Footing Example
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E.9 Elevator Hoist Beam Calculations

|

Ef QU&+Or SUWOH‘ Beam

(po
~ e S PN
\ 4 ' , L—»Cc,\?am.". Lsop \es
- Y EW?-H wexc\v\tj Y500 los
Vi A
w __;ﬁ HO\S+ %QO\W\ CMU !0 L5 Hoist "'A)ela‘/“ © 500 \bs
\ 7
L)' SC‘; weuah*: e «
7/ £ ! 4 ,/ /
o y L= 50 ki
ﬁ}q o Ly e

| i
amat
i %
Ly wy- b2ve o Ltk

= | 2<WE + W \ \nb(&'&a; ,.\‘

'f(,g s60) | ‘500,

UJU". 2.7 k\PS

Ls Moz wd (\3\2 “)(ro}

L‘ 3\< £
L) ¢M\(\: M\l
@Mh: 33‘: ] Re%u.rea
Wax 15 S chosen —

L dMn < yo.8"

143



MQP LDA-1801

Chees  Se\® wet OV\"

Ly Wys (-Z(WE + Wy + CUQ + L6 (&F“°‘+‘f>

- !.2(/4500u,+ 500 1o + f5“’/;b(!0‘)> L l‘(9< L{500\\o>

Wy = R 2% %
L? M\l o Wul
Y
= (m28)"(10)
)

My = 23.48 k-C&

L M= 4o =5 > 33.u8 = i

C\/\eck Deﬂec% oW

L" AW\O« = Wy /(3
Y5 ex

2(r2®)(10) (12°4)

45 (2900065 (48 :4°)

B AA“"‘»Awmx /
WIS is  acc@loble

¢ 3 lication
L”AA\\cmc\\oie < L/BOO = /70 ! ‘cbf‘ Q’p? co

=00 @ ¢

b= 2"

144



MQP LDA-1801

Appendix F: Pedestrian Bridge Calculations

This section contains the necessary hand-calculations required to properly design the
proposed pedestrian bridge. Each section shows the typical methodology for determining the
proper members for the structure. Microsoft Excel spreadsheets were then used to recreate these
calculations multiple times to increase efficiency. Screenshots of these spreadsheets are included

at the conclusion of their appropriate sections.
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F.1 Bridge Through-Truss Calculations
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Lq K Z*: {\Oq (Ta\o\f ES .l-l-l - lﬂe.ﬁhf = L[q‘)

B G g (Adele 2.20)
Ly /= 100mph  (Absuo Sigus)
W Cy = 2.0 ( Table 23 J=1)

Lo 85 (Table 3.2.5-1)
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Assumptions: Dimensions Loads
oo Frame Members Deck W i DezdLoats
Type HSS Sxdx1/2 Truss Height 10|ﬂ Roof Frame 7.7[pst
Materia! AS00 Stee! Panel Spacing 7‘5|ﬂ MEP 5lpsf
Weight 26( bt Span Length 75|ﬂ Roof Deck 10| pst
Height 24|t Dizgonal Length 12§|ﬂ Insulation 2|ps‘
Length 9lft Roaf Frame Angle 0.26| radians Facade 125| bt
Dizgonal 23|t Roof Frame Length 9.32|ﬁ Solar 4|ps‘
Spacing 75t RoofFrame Max Height 242t Salfweight [E
Truss Chords Total Truss Weigh 8350.5| Ib
Tipe WT 825 Floar Deck 0] bitinss
Materia ADE2 Stee! Live Loads |
Weight 26 ot Pedestrian 0 pst
Area 21|si Vehicular Ofpsf
ToaE F Snow Logg 24
Strength 100]kips. Wind Loads
Truss Diagonals Wind Speed 100|mph
Tyee LL 5316 Horizontal Wind 04.14[ ot
Materia A3 Steel Leaward Wind 1447 pst
Weight 21.3(lbt Windward Wind 48.2)psf
Arez 75(si Total Loads
Total# 10 Dead 466.3|Ioft
Strength 85.5)kips Floor Live 405| Ibft
Truss Verticals Roof Live/Snow 190.6‘ Ibft
Tipe LL 3254118 Vind 0 1447w
Materia A6 Steel
Weight 0,04 It
Area 2lsi
Total# 10
Floor Beams
Type Waxi3
Materia AQGR Stee!
Weight 124]Iot
Area 384si
Total# 10
Floor Laterals
Type LL 33x12
Materia A3 Steel
Weight 128 lbft
Area 2.70| si
Toa # 1]

Snow Load Calculation
From ASCE 7-10

Ce 1

Ct 1

5 11

Pg 5

Cs 1

B 04

Horizontal Wind Calculation

Assumptions
Kz 109
G 114
v 100
Cd 2
Kd 085

Vertical Wind Calculation

Assumptions
Pv 002 ksf
Loading Conditions
Senvice | 038 [oit
Strength | 12779 bt
Sirength I 78 bt
Extreme || 107.0/ bt
Load per Joint
Midspan Joints 8 kips
End Joints 48 kips
Truss Analysis
End Reaction 47.9 kips

Figure 63: Bridge Truss Calculations

MQP LDA-1801

Calculations
Snow Load 424 psf
Calculations
Pz 5598 psf
Total efiect area 124/ sfit
Horizontal Wind Load 604.14 bt
Calculations
Vertical Wind Load 1030 bk
Leeeward Load 1447 bk
Windward Load 482 bt
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F.2 Bridge Roof Frame Calculations

Vridse: Reof frame ] | |

A

Muy = wite (‘2264'%(‘(*3( '3') = 6,48 f1-k &€ @My, = 3,24

‘F“LZ =

L= meMﬂ;er‘ Y

=4,
’ 0,o3‘7%
T ‘ ‘ inlatn= 2SI
2 i : OL=12p5
4 T R T
i g 5 e R b Y)Y
=) \
ll'l I : ﬂ‘? ﬁ/*?é/d/
Tr Lu‘fa,f dth &=
2.3
Q=" 24 o~ 43157
Fh
(o515 = ';;Z

LL :
0= |4 CRpsX 75T A D= 26 b
1204 LYy o D 5Lz 10 Dpse) ZSFD #LE (R.55A( 75 ()= 4163 ﬁ
20+ L 6L # 5 or D= (2013 551 LD, 9(42#)(‘5#
=247 W
87 “' VL g ~
W= GIC.E Vp= 10k + 505,68
. 2 .
o 7 = , 1 / :q"\r: K, 4."/9:" /
= e ﬁ/_f_.id;)_&ﬁz@* (507 y//;).f =) =1 +§ (Kzﬁ

Selected Peam
HSS 3x2x 3[R

e 15t o) /05’%*@8 £P= 12, au W lep s So7.E K

3 . £4-14
Hs ) T

S€If - gt -(12 26 (43Y) = K3, H b
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Qe 0.0
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= WOy “»—66‘6 pt
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F.3 Bridge Wind Distribution Calculations

MQP LDA-1801

oy

Vn'/@ﬂ : Wivd AT, | |
i izoptdl wind load : Wu= L70F WE
PAOSSIE on  Windwned §des (75)). 715 = 508 "7
i < 10/
pr €8st on leewnd Sike:(290). 101D = A7 i
Wind load per loteal tradl panel? (2 late-al Trusse)
wihdacd=(1, 528 "7 (7.6 D(2) = 1.9 *
leoward= (765D (7,6 (5) = 66"
7 (I — ST
) © 0] ,Dmp/i*l
(e P g
[ g w / pantl #1
CAimn 8 J/
i plr __Shape T attsia]
O chodT WT 1x2% | 4992
=~ 0 i LL Sx3% 774 24
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F.4 Bridge Seismic Calculations

2% byridae: [ytmic load| Tovated Dondithnn |

V.

(7 eXception= hone
@) Sielmic Deliom @ty
OAE dall 0= &l (laliticadion yuknpwn
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a6 So=
=% F, [ (7D 00062)=To7

R=2Y ASE 7-10 Halle ||42

riSik wtesay =2 TIL 4sce 7-10 table .5~/
SBmic deSign alegory =2 § ASCE p-1o 4able Il.6-)

T |\@ddsmive andysS Postwe
Sucture dype: Tavetel Pindulinr-Tpe Gructare Asz7-0 2253
i) ™ , Miop= 2 Mytom,
;@2 Y ASCE 710 Table 15D
Lic)
l’\h:Mi” I/m)‘}‘ﬁ{ 7 - 5 :
Byivalt |ateal Farct Proctant ASCE 710 Bi%g.
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A

ulTa T e 7499 2.82
(1.7 3D=eS2E 5

=[.7 ASLE71o table ]2,5-]
=CohX FSCE 1o 12.82.]

‘015530'7 44
= alé ISCE 7o
g J able 12.8-2

Ti=6s ACE710 Fouwe 2212
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TiE & wy) ,z)
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F.5 Bridge Elastomeric Bearing Calculations

NSBA ELASTOMERIC BEARING DESIGN (ENGLISH UNITS)
AASHTE LRF LD, SREL ED., 2004 WITH 2005 INTERIMNS
ETHNOL 5 - STEEL-REINFORCED ELASTOMERIC BEARINGS - SECTION (4.7,
The follonng design prog Wes Jeraloped based yoor the abovevolorenced NMSHTO LRFD code. The program is spplicable to the desigh of steal-
romforced o e boavings, both guar and clrewiar i shqpe. The program is not sppiicable to design of rectanguiar bearings subjoct to
COMBIRCT 1OLation 2ow he transIevse and longituainal axes. The program 4t dnterior st o lapevs are of oqual thichress, a5 are the

LG SXLONIOT DTSLOMATIE L3V s,

L INITIAL GESIGN INPUTS

Dead Load =Py = 63.7 ki
Live Load =Py, = 16.4 kip=s
Horizoatal Morement of Bridge Superstructure =4 4 = 1.0 in.
Axiz of Pad Rotation: Tramsverse
Calculated Rotation = 0.004 Radians
Rotatios Construction Tolerance = 0.005 Radians {14425}
Dezigs Rotation=2 _ = 0.0039 Radians
Bearing Shape: Circular
Bearing Subject to Shear Deformation? ez

Bridge Deck Fixed Against Horizoatal Tranzlation?
. BEARING GEGMETRY

Flange Width = 12 in.
Bearing Width = W = 15 in.
Flange Width 2> W
NIA 2> HNIA N? HIA
Total Uafactored Compressive Load = P 5 = 80 kips
Misimum Required Area of Bearing= A . = 50.1 in.3azed on service limit (14.7.5.3.2)
mum Bearing Diameter =D _ 1.98 in.
Bearing Diameter =D = 10 in.
D 2 D._..

10,0 2 7.98 in|
Flange Width > Bearing Diameter
12 > 10 i

Bearing Area = A = 8.5

ximum Total Shear Deformation of Elastomer at Service Limit =4, =84 = 1.000 in
22 ., = 2.000 in.
Elastomeric Layer Thickness = & - = 0.375 in.
Thickness of top and Bottom Cover Layers (each) = & .. = 0.250 in.
booers £ OT3 - {14.7.5.8}
0.250 < 0.263 in [T
Rerior Elastomeric Layers (Excluding Exterior Layer Allowance) = & s = 10
Total Elastomer Thicknezz = 4 , =24 ... * & s & ; = 4.250 in
[ LA I {14.7.5.5.4-85}
4.250 > 2.000 oK
V. COMPRESSIVE STRESS fAASHNTG LRFE 14.7.5.3.2
Service Average Compressive Stress (Tol; _T_= 1.02 ksi
S 4
Service Average Compressive Stress (Live Lo, = L 0.21 ksi
LW
Rectangular Shape™ ————— = HNIA 14.7.5.1-4;
9 P W L+T < o
D
Circular Sha= =Fs 6.67 {14.7.5.1-2}
n_
Shear Modules of Elastomer = & = 0.100 kzi
0080 < G < 0175 ksi {14.7.5.2}
0.080 < E8% < 0.175 ks
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For Bearings Subject to Shear Deformation:

. 41664S (H4.7.55.2-1}
&2 <11 ks

e . 416 ksi {4.7.53.2-1}
2 <16 ks

s 5066868 {14.7.53.2-3}
2% < 38 ks

For Bearings Fixed Against Shear Deformation:

¢ . £20046F {14.7.5.3.2-5}
NIA ¢ NIA NIA

o . & 175ksi {14.7.53.2-5}
NIA « NIA NIA

o s 410065 {14.7.53.2-4}
NIA < NIA NIA

RECTANGULAR BEARINGS:

B = Leagth of Pad = NIA
Exterior Layer Allowance = 2 s = 1.0 {14.7.5.3.5}
Equiral Number of | ior El: iclagers= & = 2 7 » 2 s = 1N

¢, >10GS] (475554
1.02 > HNIA ‘ NIA
. - ‘8 BY
Subject to shear deformation: g, < 18 >GS| 1‘0.-0(1 P_ ! {14.7.5.3.5-2}
1.02 < HIA NIA
775 1',6:\"
Fixed against shear deformation: 6,<il GS|1-0167 = I (14.7.5.3.5-3)
| wy,
1.02 < HIA NIA
CIRCULAR BEARINGS:
e 6.YDY
g, >0.75GS| = ‘ — | £14.7.5.5.5-4}
\nAh,)
1.02 > 0.23
s o
"5, 2
Subject to Shear Deformation: e, < ‘DGSi 1- OJ'i : ‘i {14.7.5.5.5-3}
102 < 152
Fixed Against Shear Deformation: {14.7.5.3.5-6}

HIA
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Vi STABRITY fAASHIC LRFD 14.7.5.3.67

For free doricontal transiation™
2A<B {14.7.5.3.6-1}
(14.7.5.5.6-2}
267
B= , = 0.246 {14.7.5.5.6-5}
ey i o |
S+20/1+—]
L 40W
2A < B
2% < =8 NG - SEEEQ. 5
Wotes - For rectanguiar boavings where & 0 ) & and W ave interchonged. {14.7.5.3.6}
- For circulor boavings, W= & = .50, {14.7.5.5.6}
Bridge Deck Free to Translate Horizoatally:
GS
G, S —— (14.7.5.5.6-4}
2A-B
1.02 < HNIA HNIA
Bridge Deck Fixed Against Horizoatal Tranzlation:
o GS
P e {14.7.5.3.6-5}
A-B
1.02 ¢ 195 ks (1] ¢
V. REINFORCEMENRT fAASNTG LRFD 14.7.5.3.7}
Service Limit State:
Min. Yield Streagth of Steel Reinforcement = F | = 36 kzi
Thicknez=s of Steel Reinforcement = &
. 30k,
n = —_—= 0.032 in. CLoatrols {14.7.5.3.7-1}
Jein
F,
Fatigue Limit State:
Constant Amplitade Fatigue Threzshold = 2 F 5y = 24.0 kzi {Table 6.6.1.2.5-3}
2
h = —Oh'—"‘ 61 = 0.007 in. {14.7.5.3.7-2}
jun
Required Minimum Reinforcement Thickness = 0.032 in.
Reinforcement Thicknesz = 4, = 0.1250 in.
&, 2 #..n
0.125 > 0.032 in.|
Bearing Width = W = NIA
Bearing Diameter =D = 10 in
Elastomeric Layer Thickness = & - = 0.375 in.
Thickness of top and Bottom Cover Layers (each) = 4 ... = 0.250 in.
Rerior Elastomeric Layers (Excluding Exterior Layer Allowance) = & s = 10
Total Elastomer Thickness = & ., = 4.250 in.
Reinforcement Thicknesz = 4 |, = 0.1250 in.
Total Bearing Thickness = & s + 4. (& oy el) = 5.6250 in.

MQP LDA-1801
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F.6 Bridge Pier Calculations

MQP: Pty elign  |Pedittian pdge | Vou/ie b
L
l:llH LEE £58%
= 924, )‘kﬁ ]lm/m at fo of

» /‘M“ [527.4F tach " pity v/ 75" §pan
mox pier hosht =30 hapg? Clvculay
f P 4 5:’:», ﬁﬂ’/m,&-rf pz/.«: ‘
1 W Py
¢-.7 % g
A.—A’a hon ‘y§n/df /t’g ) )
0= hp, /qw ;M/M e AET7. CEEedans
: ;g,
&h = S ’%’a"-" T
h-20 fFa"'zf‘/’J'-'m i
Y727 720" = ,
: Intecaehia  Diassam
220, 4 °¢ = ,023 4.’29/

It [r?>: 2 3__8_@__, Z
1Ay (DIl Ce)D
AL “MT 30,9 (64,95") = A6<2/

ehs C7) ) G (Yo" )(60")
= yre= ﬂg Z.u/§5"f'7r(w')l> 7534
|9 #)® bar|

TronSyerfe  Reintorcer e
£ E?E‘ “_77__/2')? = Yo71.5C »,

L s e 2
AL; E_h_" Tf = "".:’4,‘:‘/"n
ulﬂ. '00
“”Cf «/)( ) ¥ 0231t = 0061
#_,_f__'* S‘:ml, as=Jlin*
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i (7277 C.00¢9)

164



MQP LDA-1801

%

# Qolval @ 06
G*— y "

i e s e
§7
Weight of _plas.
Ue = 150 pef”

X A5 = USopcd) Cr (2.33'0)= 5. 24 Y1
oYM (30')7 157,08 kips
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DEAD L0A0S I S N5 T
MEP 5.00 b/t 1[1.4D 3557.12|Ib/ft 1 297.276/ kips
Solar 400 Ib/ft 14D 30.492 |kips 2 338.0982 |kips
Purlins/bar joists 10.00 b/t 2|1.2D+1.6Lr+(.5L or 8W) 4159.496| Ib/ft 3 368.544|kips
Roof Sheating 10.00 b/t 120 26.136 |kips
Roof Frame 23.00 Ibift 3|1.2D+1.6L+.58 4565.44| Ib/ft
Flooring 10.00 Ib/ft 120 26.136 | kips
Lat/Through-Truss 222680  |(Ib/ft
Facade 250.00 b/t
Insulation 2.00 Ibift 2W|1.20+1.6Lr 3754.496|Ib/ft |Mu 1520.64 kip-ft
Total 25080 |bit W horizontal 1520.64]kip |Pu 3203952 kips |Elastomeric Bearings loading |
Hammerhead 2178 kips per column 120 26.136 Kips |Pu(LL) 65.5872 kips 16.3968 kips per bearing
.8W downward 168.96Ib/ft |Pu (DL) 254.808 kips 63.702 kips per bearing
LIVE LOADS
Floor Live Load 90.00 psf 810 (Ib/ft
Snow/Roof Live Load 4240 psf 440.96| Ib/ft
Wind (downward) psf 211.2|Ib/ft
Siesmic 2290 kips
Wind [ 6336 lkios |
Figure 65: Bridge Pier Loading Conditions
DIMENSIONS
Column base (b) 8.0 in Pu max 315.07 | kips
Column depth (h) 8.0 in Ag 73.96|in"2
effective depth (d) in
Reinforcement
rho g 0.030 no units
Ag 64.0 in"2
As 1.92 in"2
Use 4 #6 bars
New As 1.77 |in"2
Stirrup Spacing
Use #3 ties
48”stirrup diameter 18.0 inches
16*bar diameter 12.0 inches
Smallest Dimension 8.0 inches
USE THIS SPACING 8.0 inches

Figure 64: Bridge Pier Calculations
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F.7 Bridge Pier Cap Calculations

|

|
|

QP Por (ap laia] Pedettian hidoel Vas/le

Z

Sf q&ﬁ ")’v%J

f[ z ¢ /Cf: S-Lﬂ /th? 2412y ﬂfw
f}/ 60 Ie§i et m? ca,.f:/?ver beaun
pof.r diaw etz = 80" LL;,..(gc S 2.\ ps¥

&= 150 pe© = «O%kSE
u(wm 2. 9?"/&(37 C5)= m;“ L= L3675 Tt m,m,m,

2}

p=120'
O5hvate Ln’f”‘év’ L‘E“@ “
b= 2 L=28.75
}I s k=12
‘I l) & U';Gpcm(/) )(EID('%V w) =76 Yz 4%
3 _ o3 I
N M
1L.20+ 1L 6L X ,M),

W= 1.00=12 (76 YR Heed)= 08" 7

o7 20+ 6L=1.0 (¥, (3’%/({ 99503’ Ln@wmo[w )
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F.8 Bridge Footing Calculations
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F.9 Bridge Final Pier Calculations
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Appendix G:

Cost Analysis

MQP LDA-1801

Sitework & Labor

Description Qty. Units Unit Cost Total Cost
Excavation 2,991 cy S 1405 | S 42,020.95
Backfill 25 cy S 765|S 150.40
Parking Lot 11,666.67 sf S 1795 | S 208,416.67
Walkways 55.56 cy S 3900 | S 2,166.67
Subgrade 2,837.96 cy 3.79| S 10,755.88
Materials & Labor

Description Qty. Units Unit Cost Total Cost
Structural Steel 12897 tons S 5,22500 | S 673,858.07
Concrete: Cast in Place 691.23 cy S 22686 [ S 158,104.48
Concrete: Hollow Core Planks 17,500.00 | planks | S 1250 (S 218,750.00
Brick Siding 89.94 [1000 brickg $ 2,500.00 | $ 224,857.14
Roof Deck 35,000.00 sf S 244 |5 85,400.00
Waterproofing: Roof 35,000.00 sf S 3718 129,850.00
Waterproofing: Walls 15,740.00 sf S 374 |8 58,867.60
Insulation 50,740.00 sf S 118§ 59,873.20
Flooring 35,000.00 sf S 474 | S 165,900.00
Acoustic Ceiling 17,500.00 sf S 350 |8 61,250.00
Exterior Doors 3.00 doors S 1,17500 | S 3,525.00
Interior Doors 8.00 doors S 24000 | S 1,920.00
Curtain Walls 4,760.00 sf S 7400 | S 352,240.00
HVAC 52,500.00 sf S 4000 | $ 2,100,000.00
Plumbing 52,500.00 sf S 10.00 | § 525,000.00
Electrical 52,500.00 sf S 2200 | S 1,155,000.00
Communications and Security 52,500.00 sf S 200 | S 105,000.00
Fire Suppression 52,500.00 sf S 400 | S 210,000.00
Field Turf 17,500.00 sf S 840 |5 147,000.00
Elevator 100 | lumpsum| $ 122,900.00 | $§ 122,900.00
Elevator Shaft 1,200.00 sf S 910 (S 10,920.00
Multipliers
Location: Worcester, MA 1077
Time: 2019** 1.042
Design Fees 7.2%
Estimate Contingency 15%
Total Cost $9,459,832.94

RS Means Cost Code Secondary Cost Code

3123 16.46 2420
3123 23.14 1000
3212 16.13 0200
03 3113.704350
312323.14 2400

0512 23.77 3100
03 30 53.40 4700
03 41 13.500100
04 21 13.13 0020
0531 23.50 2400
07 1353.100100
07 13 53.10 0300
07 22 16.10 0030
09 65 66.10 1000
09 51 23.30 0600
08 11 16.10 0020
08 12 13.13 0025
08 44 13.10 0050

DCAM Cost
Estimating Manual
(4.2.1.4)

3218 13.10 0600
142413101150
0422 10.11 0080

0512 23.77 5380
03 3053.40 3850

*Concrete estimates vary based on the type of concrete being installed. For this reason, a weighted average unit cost was used in this estimate.
** An inflation rate of 2.1% was used for analysis

Figure 66: Athletic Facility Cost Estimate Overview
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RS Means Cost Code

3123 16.46 2420

3123 23.14 1000

31 23 23.14 2400

05 12 23.77 3100

03 21 11.60 0250

03 30 53.40 4700

05 31 23.50 2400

07 13 53.10 0300

07 22 16.10 0030

08 12 13.13 0025

08 44 13.10 0050

DCAM Cost Estimating

Manual (4.2.1.4)

09 65 66.10 1000

09 51 23.30 0600

05 52 13.50 0015

PDCAM Cost Estimating Manual

Description Qty. Units Unit Cost Total Cost
Excavation 2,990.81 cy 14.05| S 42,020.95
Backfill 24.89 cy 7.65| S 190.40
Subgrade 10.37 cy 3.79| S 39.30
Structural Steel 151.45 tons S 5,225.00 | $ 791,310.83
Reinforcing Bars 38.26 tons S 2,200.00 | $ 84,167.60
Concrete: Cast in Place 448.44 cy S 226.86 | S 101,733.94
Roof Deck 4,000.00 sf S 244 (S 9,760.00
Waterproofing 4,000.00 sf S 371 (S 14,840.00
Insulation 46,484.00 sf S 1.18 | S 54,851.12
Interior Doors 2.00 doors S 240.00 | S 480.00
Glass Fagade 8,800.00 sf S 74.00 | S 651,200.00
HVAC 3,800.00 sf S 40.00 | $ 152,000.00
Plumbing 3,800.00 sf S 10.00 | S 38,000.00
Electric 3,800.00 sf S 22.00 | $ 83,600.00
Communications and Security 3,800.00 sf S 2.00(S 7,600.00
Fire Suppression 3,800.00 sf S 4.00 (S 15,200.00
Flooring 3,800.00 sf S 474 | S 18,012.00
Acoustic Ceiling 3,800.00 sf S 350 (S 13,300.00
Hand Rails 800.00 If S 76.00 | $ 60,800.00
Solar Panels* 150.00 panels $ 25,600.00 | $ 25,600.00
Multipliers
Location: Worcester, MA 1.077
Time: 2019** 1.04
Design Fees 7.2%

Estimate Contingency

15%

Total Cost

S 2,996,116.97

* A lump sum was assumed for the Solar Panel cost, and estimated as a 10 kW system
** An inflation rate of 2.1% was used for analysis

Figure 67: Pedestrian Bridge Cost Estimate Overview

Secondary Cost Code

0512 23.77 5390
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Appendix H: Connection Geometry Check

The following section shows how key connections for the proposed athletic building and
pedestrian bridge structural system would look. Each connection was checked for geometric
constraints to ensure that connections could be designed. Note that the connections were not

structural designed of checked for failure conditions.

~LL5x3x1%

LL3x24ixE -
3 .
WT9x25—— WT9x25
\ / oo| < Cn

\ oo O
\
! C O O O
C O o O

Figure 68: Pedestrian Bridge, Superstructure Connection to Elastomeric Bearings

TOP VIEW

Figure 69: Athletic Facility, Interior Beam Connection to Column
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TOP VIEW

Figure 70: Athletic Facility, Exterior Beam Connection to Column

TOP VIEW

Figure 71: Athletic Facility, Interior Girder Connection to Column

SIDE VIEW

_9"_

TOP VIEW

R

Figure 72: Athletic Facility, Interior Girder Connection to Interior Beam
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SIDE VIEW

Figure 73: Athletic Facility, Exterior Girder Connection to Interior Beam
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