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Abstract

This project was to investigate various design methods for the remseational facility for
Worcester Polytechnic Institute (WPI). A floor plan was developed based on the need of
recreational spacesand geel design of the building. Beams, columns and girders were
designedthroughout the four floors. Thelesign includedoundations for the building and the

pool. This project alsinvestigated design options to improve tie3d NB S v ¢ deSigizantil R A y 3
obtain a silver LEED accreditatiomating. Cost estimating was also conducted based on

materials required for the building
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Capstone Design

The project focused on alternative designs tbe new recreational facility which would be
economicallyand environmentally sound. The design for the new recreation center takes into
account several constraints listed by the ASCE cemtany which wee addressed by the

analysis in the project.

Economic

In order to investigate total costshe building usedconcrete, steel and glulam wood to see
which one, or which combination of materials, would produce the most advantageous total
project cost (via cost comparisons) as well as produce a saferguildiat would conform to

required buildingand structuralcodes.

Environmental

The designs included sustainable and green engineedptions which would increase the
NBEONBFGAZ2Y It OSy hSNIEED ditSnatvdésereirvestiga@edabdiit was ¢
determined that the power generated through natural resources would cut down on
greenhouse gas emissions and, as a result, would not contribute to climate change and would
also save enormous amounts of money for WPI. When appropriate, recyclableaisateere
included in the desigmecause these materialselped address the environmental coraint

(recyclable steel as opposed to unrecyclable congrete

Sustainability
Theresearch on LEED helped address the sustainability aspéwt pfoject. By ading a few
GANBSYE O2YLRYSyla o0AdSd NI AY gthaisGshinable deligh a G A y 3

of the buildingwas enhanced

Manufacturability/Constructability
The materials that were under consideration were primarily used to determine whetreer
final design was to use one material opposedanother or if the design must incorporate

multiple materials. It was important ttake into account all of the diverse loads that would be



applied on the building and evaluatkthe designwould suffice It was also important to take
into consideration the different aspects of the various construction materials. This includes,

but not limited to, costs and material availability.

Social

The vision of this project was to expand the availability ofeatonal activities for the always
increasing WPI population. The current athletic facilities are outdated and are unable to sustain
the aforementioned increasing WPI population. The objective of this project was to maximize
open areas to alleviate timeonflicts between different teams and clubs as well as provide a

variety of opportunities for students and faculty to participate in leisurely activities.
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1. INTRODUCTION

WPI President, Dennis Berkey, has been an advocate for campus expansion. With increasing
enrollment figures, grojectedrise from 2,800 to 3,400 by the year 2015 according to his Vision
Statement in January of 2007, he wants WPI to become a more-kiitseampus’ Admission

figures can be seen in Figure 1 below.
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Figure 1: Undergraduate Admissions Data
(WPI Student Factbook)

One way he proposes on achieving this sense of community is through his revisgéd 199
Strategic Plan, whbh includeda goal to develop campus facilities according to a plan that would
support both academic and emrricular needsjn which he explicitly staw that the new

recreation facility will bring a great sense of enthusiasm to ¥VPI.

The current receation centers, Harrington Auditorium and Alumni Gymnasium, are primarily

used for varsity sports and, as a result, recreational use is limited during various times of the

! http://www.wpi.edu/Aimin/President/vision.html
2 http://www.wpi.edu/Admin/President/strategicplan.html
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year. The proposed Recreation Center is to be constructed near the athleticategl®own in

Figure 2.

tKS 2Sftft2g OANDESa gA0GK R20GSR ftAySa Ay GKS
(going from right to left), thead dashed line are merely for reference and the solid yellow area

is the proposed location for the new recreation center.

Due to overuse of these spaces, most of these facilities are run down and in great need of
refurbishment or replacement. HarringtodGyrmasium built in 1968, is the only indoor athletic
facility that has seen a face lift in recent years and is properly maintdinBdough the court

has been replaced as of this year, it is the only op®toor space for teams like baseball,
softball, volleyball and club sports like lacrosse, volleyball, dance, step and badminton. These
teams have had to make use of every inch of Harrington Gymnasium and Alumni Gymnasium
(built in 1916)}, including foyer entrances to practice dance and step moveselisl drills

under the bleachers and a storage room used for batting cages. In addition, poor ventilation

throughout the building, particularly in the weight rogifarther deters students.

® http/:www.wpi.edu
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With all of these time conflicts and space restraints, manyhef students who do not play a
varsity sport are unable to participate racreational sports in these buildings or use the work
out facility. WPI has tried to help these students by coming up with a plan to build an

additional athletic facility.

CurrentAYR22NJ I GKf SGAO FFIOAtAGASAE IINB y20 I|Yy2y3
promote the school to prospective studeathletes. The purpose of thgroject is to take the

needs of WPI and develop a finished product that will be suitable for the ggostudent

population. Our goal is to produce a building that will be LEED certified as well as contain state

of the art facilities such as brand new basketball courts, an Olysipécswimming pool, new

squash and racquetball courts, an aerobics roomyoga room, a new workut facility

complete with weightlifting machines and free weights, and a cardmm. With this new
recreational facility, WPI plans to further promote extarricular activities, overall wellness

and help balance their reputatidnetween academics and athletics.

12



2. BACKGROUND

When beginning to design a buildintpere are a logical set of steps that must be taken. The
first action that must be taken, after a preliminary design, is the acquisition of permits to see if
the building type and location is even feasible. All regulations set by the state of Massachusetts
and the city of Worcester must be followed throughout the entire project. A comprehensive

review of these rules and regulations is necessary.

City of Worcester6 © " OEI AET ¢ 2ANOEOAI AT 00O
Every city in the country has a set of rules that specify the minimum acceptable level of safety
for buildings. The main goal of building codes is to protect public health, safety and general

welfare as they correspond to the cstnuction and use of buildings such as the recreation

center?

The first necessary step to begin constructing the recreation center is by drawing plans (exterior
and interior) to scale and showing the locations and dimensions of the lot that is to ke buil
upon. All this information is required by the Code Commissioner (city officer designated by the
City Manager). This administrator is part of the Zoning Ordinance in the City of Worcester. The
Code Commissioner will then announce regulations that shbel followed and subsequently

file a copy of these rules with the City Clérk.

Once the Code Commissioner files the parameters with the City Clerk, the next step would be
to acquire a building permit. A building permit gives its owner legal permissiostart
construction of a building project in accordance with the approved drawings and specifications
provided for the recreation center. Building permits have to be obtained before any

construction is done as they are needed to erect, construct,rgelaalter, repair, improve or

* http://www.ci.worcester.ma.us/dpw/
® http://www.ci.worcester.ma.us/cco/clerk/ordinances/revisedordinas1 996 .pdf
e http://www.ci.worcester.ma.us/cco/clerk/ordinances/zoningord2607.pdf
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demolish any building or structure. A fee is collected based on the size of the job and covers

the cost of the application, the review, and the inspection process.

The application for the building permit should includetten consent from the ownerif not

the applicant. The following must be included with the application:

1
1

Off street parking and loading spaces.

Plot plan of the land showing all the dimensions of the recreation center and the
exact location of the existmbuildings that may be altered (Harrington).

A description of any proposed building, structure or addition.

A statement explaining any proposed external alterations which increase the height
or area of any existing building or structure.

The number ofdcations and design of parking, loading spaces, signs and buffers
where appropriate.

Proof of recording of a land development plan for construction of any dwelling not
on a separate lot of record.

Onlot sewage disposal permit, where public water and selwerot available.

Public water/sewec, a letter from the Worcester Township Water/Sewer
Operations for valid connection permits.

Erosion and sedimentation control plan from the Worcester County Conservation
District.

Workers Compensation Insurance Coverdgformation for the contractor.

Workers Compensation Certificates for contractors.

Storm water management plans in accordance with Section 329 of the Zoning

Ordinancé®

A copy of the application for a building permit in the city of Worcester can be found

Appendix E.

! http://www.ci.worcester.ma.us/forms.html
8 http://www.ci.worcester.ma.us/dpw/engineering/permit_manual.pdf
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Once the contractor has been approved for a permit, he or she has legal permission to start
construction. The Code Commissioner is available for whenever one would have any questions
about issues with the project. The Code Commissioheulsl be seen as someone who will
help make the project a problesitee event. Various permits are required for electrical,
plumbing, heating and aironditioning work and the contractor would be the one to go to in

order to obtain thesé€.

Onsite inspetions will occur every now and then throughout the duration of the construction.
The Code Commissioner will determine approximately how many inspections may be needed
for the project. Usually, a one or two day notice is needed when requesting visiey, afé
required to make sure the work conforms to the permit, local codes and plans. It is important
to acknowledge that the Code Commissioner will also help with questions or concerns

regarding the project and to ward off potentially costly mistak®s.

The Code Official will provide documentation when construction on the recreation center is
complete and code compliance is determined. Once this is done, the job is essentially finished
and the community can be content knowing that the new facility met fadety standards

required by the City of Worcestér.

Structural Design

When designng a multipurpose structure such as the Recreation Center, each room, hallway
and activity must be analyzed to design the most effecane efficientfacility. The listof

spaces and their respective sizes are shown in Appendix D. The spaces are broken down into
five categories; public areas, activity spaces, training & rehabilitation, administration/coaches
and support spaces. These different spaces make the desitpsdsuilding more challenging
because there are no generic spaces, thus requiring greater attention to detail. Thetlstudy

dead and live loads from these spaces ianportant for developing a floor plan.

? http://www.ci.worcester.ma.us/isd/building_zoning/building/falgtm
10 http://www.ci.worcester.ma.us/isd/building_zoning/home.html
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Dead loads are defined dse weight of mateials of construction that are permanent to the
building which include, floors, walls, finishes, roofs, stairways and stationary mechanical
equipment. The majority of the dead loadsre the weight of the steel or concrete. These
loads were determined ding the design where the amounts anaights of steel and concrete
were determined. Once the weight of the building véadeterminel, an accurate cost estimate
wasdeveloped. Currently the cost of hot rolled structural steel is approximately $120 per ton

and the cost of concrete, including the labor to make the forms, is $1,000 pét yd

[ ADS  20mdR prodlicedy thie use and occupancy of the building or other structure and
do not include construction or environmental loads such as wind loaolwdoad, rain load,
SINIKIldzk 1S f21 R FHE2KE (NSONS2 Kl teRySdd thii RJIDd &
constructed to support safely the nominal loads in load combinations defined in 780 CMR
without exceeding the appropriate specified allowable sses for the materials of
02 y & i NXz&ibw, viyidtend earthquake loads are live loads that need to be taken into
consideration. The values fdinese live loads fokWorcester, MA can be found in the MSBC
Table 1604.10:

A Ground Snow Load: 55 psf

A Basic Wid Speed: 100 MPH

A Earthquake Design Factorg-8.24 $¢ 0.067

Other live loads are due to the occupancy of the building and are shown in Table 1.
Table 1: Minimum Live Loads from MSBC and ASCE 7

WIS Conentrated
Occupancy Load (LB)
(PSF)
Corridors 1st 100 )
floor
Corridor other
than 1st floor o i
Corridors above 80 2000

" http://www.aisc.org
2 MSBC 1602.0 p. 379
¥ MSBC 1602.0 p. 379
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1St
Elevator machine

00m 150 300
Gymnasium 100 -
Offices 50 2000
Lobbies 1st floor 100 -
Classroom 50 -

Stairs and Exits 100 }

Boiler Room 150 -
Fan Room 150 -
Restrooms 60 ;

Sources: Massachusetts State Building Code, 2008
ASCE Minimum Design Loads for Buildings 7 -95, 2000

~ A oA

Not all live loads can bedind in the MSBC. These loadsNgé (12 0SS a&Sid&bey Ay SR

E14

with a method approved byhe building officiat™ ASCE standards were used to fill in the

voids in Table 1 because the MSBC refers to ASCE 7 in many instances.

An exanple of the types of loads that vganotincluded in ASCE 7 or the MSBG weeen roof
loads. The lads associed with green roofs wee the weight of the soil and plant material.
The weight of saturated plant modules ranges from5DIpsf. The soils used we typically 2@
40% lighter tlan normal fill. These loads veein addition to the typical snow loads for
Worcester, MA.

Load Combinations
Once the loads can be identified, the appropriate load combinations need to utilizadle 2

shows the load combinations used for LRFD design.

“MSBET-1607.2, p. 391

17



Table 2: LRFD Load Combinations
1. 1.4D

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

3. 1.2D + 1.6(Lr or S or R) + (0.5L or 0.8\

4. 1.2D + 1.3W + 0.5L + 0.5(Lr or S or R)

5. 1.2D+1.0E + 0.5L + 0.2S

6. 0.9D+£ (1.3W or 1.0E)

Source: Structural Steel Design z 4t Edition, McCormac, 2008

The following LRFD liegance factors in Table 3 that correlate to the above equations were

found in Section B in theAISC Steel Construction Mangdl3" Edition, 2006

Table 3: LRFD Resistance Factors
AISC-LRFD Resistance Factors

member | resistance factor limit states
Tension ¢ = 0.90 yielding
¢ =0.75 fracture
Compression b = 0.85 buckling or yielding
Beams dp = 0.9 bending
@, = 0.9 shear
Welds same as for member actions
Fasteners ¢ =0.75 all

These equations and coefficients are udedadjust the loads to conservatively and safely

design a structure.

Floor Systems

The project design group developed the four floor systems found in the new recreational
center. Contributing dead and live loads were identified and taken into consideraticihe

rest of the structural design.

One of the first components to be analyzed is the flooring. The following types of concrete

flooring will be designed for in our steghmed building;
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Concrete slabs supported with opsveb steel joists
Concrete slb and steel beam composite floors

Steeldecking floors with concrete topping

w0 NP

Precast concrete slab floors

The simplest solution for designing the floor systems would be to provide a constant beam
depth and varying the reinforcement along the span. Senipimwork can make construction
time shorter, resulting in a recreational center that can be used by WPI students as soon as

possible.

In the preliminary design stage, it is important to consider fire resistance. Building codes
regulate the fire resistace of the various elements and assemblies of a building structure. Fire
resistance must be considered when choosing a slab thickn@$ss is important in steel
buildings because although the steel is incombustible, the strength is greatly reduced when
heated to the extreme temperatures in a fire. Also, because steel conducts heat so well, it can
spread heat to different sections of the building and setting adjacent materials ablaze.
Concrete member thickness required for structural purposes usuatlyiges at least awo-

hour fire-resistance rating. Sufficient protection to the reinforcing steel is required to shield it
from fire. Fire protective covers include, concrete, gypsum, mineral fiber sprays, special paints
and other materials® 2 2 N Ss#iiil§ingl@ode must be consulted to ensure that minimum

fire resistance requirements are met.

Before analyzing the floor system, it is important to assume preliminary member sizes. The slab
and beam thickness are usually determined first to make sue# the building deflection

requirements are met.

For solid, onavay slabs and beams that are not supporting or attached to partitions or other

construction likely to be damaged by large deflections, it is necessary to determine the

18 Structural Steel Designd™ Edition,McCormag2008 p.614
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minimum thickness (alsoeferred to ash). For continuous onway slabs and beams,
determining the minimum thicknedsased on onesnd continuous will satisfy deflection criteria

for all spans. Deflections need not be computed when a thickness at least equal to the

minimum is povided.

Deflection calculations for twavay slabs are complex, even when linear elastic behavior is
assumed. The minimum requirements are shown in Figure 3. The figure shows the ratio of the

flexural stiffness of a beam section to the flexural stifthe$ a width of slab bounded laterally

by centerlines of adjacent panels.
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Figure 3: Minimum Thickness Requirements

(Structural Steel Design 4 th Edition z McCormac, 2008)
In general, all members of frames or continuous constarctmust be designed for the

maximum effects of factored loads using an elastic analysis. Even though numerous computer
programs exist that can accomplish this task, the set of approximate coefficients can be used to
determine moments and shear forces, pided the limitations in Figure 3 are satisfied. The

coefficients in Figure 4 provide a quick and conservative way of determining design forces for

beams and onavay slabs, and can be used to check output from a computer program.
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w, Uniformly Distributed Load (L/D< 3)
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Figure 4: Conditions for Analysis
(Structural Steel Design 4 th Edition z McCormac, 2008)
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Figure 5: Analysis by Coefficients
(Structural Steel Design 4 th Edition z McCormac, 2008)

Instead of an analysis procedure satisfyingiiélgrium and geometric compatibility, the Direct
Design Method or the Equivalent Frame Method can be used to obtain design moments for

two-way slab systems. If the conditions in Figure 5 of the Direct Design Method are met, then
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the total factored staticmoment for a span can be distributed as negative and positive

moments in the column and middle strips.

Uniformly Distributed Loading (L/D 2)
[t e
“l ¢4 J‘ﬁl (2/3)¢4 Lﬂ'l 24 Ll

Rectangular slab___
panels (2 orless: 1) |

?O|UIT1II offset

3 q] Eij f?mo d]

T

Figure 6: Conditions for Analysis
(Structural Steel Design 4 th Edition z McCormac, 2008)

The required amount of flexural r&orcement is calculated using the design assumptions
based on the factored moments from the analysis. In typical cases, beamsjaynglabs, and
two-way slabs will be tension controlled sections, so that the strength reduction factor is equal
to 0.9. [er greater concrete strengths, the required flexural reinforcement must be greater
than or equal to the minimum area of steel and less than or equal to the maximum area of

steel.

For oneway slabs, the minimurfiexural reinforcementn the direction of tle span is the same
as the minimum area of steel for shrinkage and temperature reinforcement. The maximum

spacing is the lesser of the followindi & 18 inches.

For twoway slabs, the minimum reinforcement ratio in each direction is 0.0018 for Grade 60
reinforcement. In this case, the maximum spacing s a2 18 inches. A maximum
reinforcement ratio for beams and slabs is not directly given inBboi#ding Code Requirements
for Structural Concretand as a result, it requires that nonprestressed fletunembers must

be designed so that the net tensile strain in the extreme layer of longitudinal tension steel at
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nominal strength is greater than or equal to 0.004. This requirement limits the amount of

flexural reinforcement that can be provided at a sec.

Both oneway shear and twavay shear must be investigated in tweay floor systems. Design
for oneway shear or wide beam shear consists of making sure the critical sections are located

some distance from the front of the support as seen in Figure
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Wide beam shear or one-way shear. Two-way shear or punching shear.

Figure 7: One/Two -Way Shear
(Structural Steel Design 4 th Edition z McCormac, 2008)

Twoway or punching shear usually is more critical than -aag shear in slab systems
supported directly on columns. As shown in Figure &,dftical section for tweway action is
at some distance from edges or corners of columns, concentrated loads, reaction areas, and

changes in slab thickness, such as edges of column capitals or drop panels.

The moment transfein the slabcolumn connectins takes place by a combination of flexure
and eccentricity of shear. The portion of total unbalanced moment transferred by flexure is a

function of the critical section dimensions.
After floor sections, roof sections wete be designed. As mentiondskfore, the gymnasium

was the main challenge. For long spans between columns, there were a few options; arches,

trusses, rigid frames, box girders and built egirtlers. Truss members were designed in the
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building to support the long spans. The key poment that needed to be decided by the
group was the type of truss. The trusses were designed to carry additional loads (live load over
the gymnasium) due to the green roof. All structural members have to be adequately designed
for strength and other dsign criteria. However, sometimes, certain designs are more

challenging because of the complex nature of codes and other constraints.

The types of connections in the building were determined through analysis at which point
bolted or welded connections Wibe chosen depending on the strength requirements. This

decision was important because the difference in cost of these two options could have been
great. Welded connections were relatively expensive requiring certified welders, while bolts

could be intalled by skilled construction workers.

The concrete type wasedfor flooring and retaining walls Bortland Cement Typebecause it
is the generic structural concrete that can be exposed to soil and ground waters where sulfate
concentrations are higér than normal. The concrete slab deswaschecked for two separate
safety conditions: fire resistance rating and strength which can be defined as the following:

1 Interior concreteg strength and density

1 Exteriorg strength and durability issues.

The oncrete for the pool foundation will be watertight so none of the chlorinated water from
the pool leaks through and corrodes the reinforced steel baemforcing steel for the pool will

be coated to help withstand chlorinated watalsg). In order to attain this watertight quality,

the concrete mix must have a low wateement ratio. There are several materials that can be
used for theconcrete;however, the most advantageous material to use would be fly ash. This
is true because fly ash doestrrequire much water for mixing which leads to less bleeding, or

simply a better watertight pool foundation. This is an extremely vital part of the design.

tKS ySg NBONBlIGA2YFf OSyiGSNNRa Ff22N) aeadaSvya

systems wh nonprestressed reinforcement. It is importatat be aware of the fact that once
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the required flexure and shear reinforcement have been determined, the reinforcing bars must
be developed according to th8uilding Code Requirements for Structural CdacreThe

structural integrity conditions must be satisfied as well.

Foundation Design

The foundation of the buildingvasthe last part to design because the weight distribution of
the structure had to be recorded before one could even begin. The foundatlesign
dependednot only on the weight of the structure but on the groundnciitions and pressures.
It had tobe designed to handle loads while limiting settlemergave and lateral movement to
tolerable levels? The type of cement that was used siortland Type Il for reasons specified

above.

Designing a footing imivedan analysis of the bearing pressure it will exerthe soil beneath

it. Figure 8 waa depiction of the stresses applied to the soil under the footings.

*MSBC780 CMR 1801.0, p.429
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Square Footing Continuous Footing
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¥¢ = horizontal distance from centerline of footing

of = depth below bottom of footing

B =footing width

Ig = stress inflence factor

Figure 8: Induced Stresses Beneath Footings
(Foundation Design 2 nd Edition z Coduto, 2001)

Footingshad tobe reinforced due to the flexuratresses. The flexure analysissmaecessary

to ensure the footings do not bend upward as seen in Figure 9.

Figure 9: Spread Footing Bending
(Foundation Design 2 nd Edition z Coduto, 2001)

To prevent the footings frm bending steel reinforcement wassed in both directions. The

minimum required area of steel was found based on bemnding moment. Once the area of
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the steel was known, reinforcing bars were chosen. The only other consideration for this
design was the development lengths of the reinforcing bars. In almost all cases the original bar
sizes needed to be changed to staabars to decrease the development length. Figure 10 is

an example of a typical footingith reinforcement

A/ A%
o <

Figure 10: Typical Foundation and Reinforcement

Once the foundation wa analyzed for vertical loads, horizontal anplifting loads must be
examined. A geotechnical report of the existing ground conditions may need dbtbaed in
order to determinewhether or not the building wouldsettle once castructed. Since the
recreation center wago be built closely toother structures at WPI, there we sufficient

geotechnical reports that will be used for the foundation design.

However, this was the only building at WPI that wob&dat the same elevation as the athletic
fields, which have a high water table due to $alry Pond. This meant the foundation would
have greater lateral pressures due to water and soil than other WPI buildings. The foundation
on the side facing # quadrangle (eastern sidegquired the most resistanced lateral pressure
because it waspproximately 30 feet undergraud. Table 2 from the MSBC gitke allowable

pressures for specific soil types used for design.
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Table 4: Allowable Bearing Pressures for Foundation Materials

Allowable Net

VEUSITED Description Notes Consisteng in Place Bearing
Class Pressure
(tons/ft %)
la Massive bedrock: Granite, dioritt 3 Hard, sound rock, minor 100
gabbro, basalt, gneiss jointing
1b Quartzite, well cemented 3 Hard, sound rock moderate 60
conglomerate jointing
2 Foliated bedrockslate, schist 3 Medium hard rock, minor 40
jointing
3 Sedimentary bedrock: 3,4  Soft rock, moderate jointing 20

cementation shale, siltstone,
sandstone, limestone, dolomite,
conglomerate
4 Weakly cemented sedimentary 3 Very Soft Rock 10

bedrock: compaction shale or
other similar rock in sound

condition
5 Weathered bedrock: any of the 3,5 Very Soft rock, weathered 8
above except shale and/or major jointing and
fracturing
6 Slightly cemented sand and/or 78 Very dense 10
gravel, glacial till (basal or
lodgment), hardpan
7 Gravel, widely graded sand and 6,7,8 Very dense 8
gravel; and granular ablation till Dense 6
Medium dense 4
Loose 2
Very loose Note 11
8 Sands and noplastic silty sands 6,7,8, Dense 4
with little or no gravel (exceptfor 9 Medium dense 3
Class 9 materials) Loose 1
Very loose Note 11
9 Fine sand, silty fine sand, and 6,7,9 Dense 3
non-plastic inorganic silt Medium dense 2
Loose 1
Very loose Note 11
10 Inorganic sandy or silty clay, 5,6,10 Hard 4
clayey sand, clayey silt, clay, or Stiff 2
varved clay; low tdigh plasticity Medium 1
Soft Note 11
11 Organic soils: peat, organic silt, 11 Note 11

organic clay
Source: Massachusetts Building Code, Table 1804.3, 2008
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Retaining Wall

Retaining walls we necessary to help withstand lateralréaforces. Our building required the
design of a retaining wall because the slope on the quadrangle side of theafbb#d would

be excavated and a retaining wall woulte essential to hold the renwing soil back in place.
There ae three conditionsthe atrest, the passive and the active, that describe the retaining

wall movements.

A typical retaining wall design is a cantilever retaining wall. A cantilever retaining wall must be
designed to be externally stable in the following ways: it woll slide horizontally, it will not
overturn, the resultant of the normal force that acts on the base the footing must be within the
middle third of the footing, the foundation must not experience a beaagacity failure, it

must not undergo a deepeatal shear failure and finally must not settle excessivély.
However, cantilever retaining walls are only manageablenfaximumwall heights between
10-14 feet!® Figure 11depictsa typical design of a reinforced cantilever retaining wall. The
dimensionsincluded in the figuréoelow are not applicable tahe design and were included in

an example problem done out in tHeundation Design"2Editiong Coduto, 2001extbook.

" Foundaton Design % Editiong Coduto, 2001
'8 Foundation Design”?Editionc Coduto, 2001
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Figure 11: Typical Reinforced Cantilever Retaining Wall
(Foundation Design 2 nd Edition z Coduto, 2001)

Retaining walls above thataximumheight, stated abovepecometoo large and uneconomical

anddesigrsfor sheetpile sections are necessary.

Sheet pile sea@bns are rolled platesteel structural members which are driven into the ground

to form a wall and are used for construction excavatidorwith the sheetpile sectionsn place

we can include tidacks and assume enough rigidity to leave it in plaseha building is
erected. Figure 12 below shows what a typical cantilever sheet pile wall looks like and how far

it extends down below grade.

¥ Foundation Design”?Editionc Coduto, 2001
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Cantilever
sheet plie wall

Figure 12: A typical cantilever sheet -pile section
(Foundation Design 2 nd Edition z Coduto, 2001)
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LEED Certification

The buildingwas designedso that it can receive a silver accreditation from a LEED certified
professional. According to their current checklist, which can be seen in Appendix C, a building
must have at least 33 points irraer for it to be considered silver. The points are distributed

into six different categories:

Sustainable sites14 points

Water efficiency 5 points

Energy and atmospherel7 points
Materials and resourcesl3 points

Indoor environmental quality 15 points

L T o

Innovation and design process points

The plan wa to obtain points from all the categories by focusing on using clean energy (i.e.
solar power, wind turbine, etc.), recycling natural resources (rainwater harvesting) and
materials used in catruction in addition to using lovemitting materials (i.e. paints, carpets,
adhesives/sealants, etc). By combining these aspects of the construction pridee88, points

necessary to receive silverere obtained

Sustainable Sites

The project wasble to obtain three points in the Sustainable Sites section of the LEED checklist
for new construction. Two pointsame from SS Credit 4: Alternative Transportation, SS Credit
4.1 Public Transportation and SS Credit 4.2 Bicycle Storage & Changing Rddms.
requirement needed for SS Credit 4vhs to have either campus or public routes in place by
the end of constructior?® This creditvas easily obtained because therenea couple of public

bus routes located within walking distance of the WPI campus wadalready have the
Gateway Shuttle, which could transport students and faculty from Gateway to the new

recreaion center. SS Credit 4.2 webkallenging because the bicycle rack capalay to be

20 http://www.usgbc.org/ShowFile.aspx?DocumentID=1097
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calculatedbased on the maximum transient (visitors ofettacility for less than 7 hours)
loading®® The showersmd changing rooms, however, weealculated using the number of full
time employees of WPl who will be working in the new retimracenter. The final point
earned in thissection wa SS Credit 7 Heat Island EffectRoof. The requirement needed for
the credit wa to have 75% of the roof area covered by a collection of high albedo (reflection of
sunlight) and vegetatiof? Having a vegetated roddlso helgd obtain points in the Indoor
Environmemal Quality section of the LEED checklist for new construction which will be

discussed later.

Water Efficiency

There wee three different credit areas for water efficiency. WE Credit 1: Water Efficient
Landscaping (2 points), WE Credit 2: Innovativesté&/@ater Technologies (1 point) and WE
Credit 3: Water Use Reduction (2 points)n order to achieve the two points awarded for
Water Efficient Landscaping, documentationust be provided that supported theainwater
harvesting systemthe landscape degn and the extent of the supplemental temporary
irrigation system'® A rainwater harvesting systerwould alleviate a decrease ithe use of
public water and thusly assist reducing future costs for WPI. Rainfall on a 2,00@off can
collect as much 255,000 gallons per ye&rThe water reovered from a typical system could

be used for several purposes including outdoor irrigation, cold water toilet flushing and clothes
washing (those two subjected to local ordinances). WE Credit 2: Innovative Véastew
Technologies, can be achieved if more effective useese designed forthe rainwater
harvesting techniques, as well as develop more economical wastentegdttechnologies
which includedadding a higkefficiency filtration system. WE Credtwasdetermined by
calculating the amount of water used in a select few of the buildings fixtures including
lavatories (public and private), showers (publidgorivate) and faucets, but didot include
water fountains or emergency showers. In order to deterntime amount of water used on a

typical day using a certain fixture (i.e. toilef)e must use the following calculation:

2 http://www.rainwaterrecovery.com/harvesting.html
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Public toilets = Total number of fixtures*Estimated daily usage*Flow rate(GPF)*Difation

To achieve one poirthe water usemust be relucedby at leas20% and to obtain both points

water usemust be reducedy at least 30%.

Energy and Atmosphere

There wee six different credit areas in the Energy and Atmosphere section of the LEED
checklist for new construction. EA Credit 1. Optimizeergy Performance, can achieve
anywhere between 2 and 10 points depending on howll vieeir energy performance v&a
compared to a similar building without anything helping it optimize energy (betwee#2%4
better).?* However, LEED haal prerequisite of rimimum energy performance for all newly
constructed buildings. One wayn optimizing energy wathe use of solar panels todtroof of

the building. There we many advantages to solar emgt but one major disadvantage wa

the cost of ingallation, whid was mainly due to the high cost of segonducting materials
used in producing a panel. In order to figure out how many watts of solar poeaested for

100% solar energyhis equationmust be used

100% Solar = [(Average Daily KWH usage) / (# of bbtuB sunlight)] * 1.15

Each watt costs about $7 (if done by yourself) to $9 (if installed by a licensed professional),
which includel the costs of semtonducting material$® The advantages of solar panels,
however, are endless. Omeason was that@dar power wa a renewable resource which cuts
down on the emissions of geahouse gases. Another reason was the moneyilltend up

saving for WPI. There are governmental financial incentives if a consumer adds solar panels,
the recovery period afterhte initial investment can be almost immediate depending on how
much electricity is actually used and the energy produced thereafter is free. There are three

types of solar technologies currently being developed by the U.S. Department of Energy:

2 http://www.usgbc.arg/ShowFile.aspx?DocumentiD=1097
2 http://www.solar-electric.com/solar_system_costs.htm
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photovoltac cells, concentrating solar power technologies and low temperature solar
collectors®* These solar technologies are dlissed later. Solar panels also contribute to
earning points for EA Credit 2. G8ite Renewable Energy, which can give a maximum eéthr
points depending o how much of the energy usedrisnewable (between 2.5% and 12.5%).
EA Credi3: Enhanced Commissioning weasily obtainable if Canon Design has an engineer
who was not responsible for designing or managing the project come andk s#&s an
GAYRSLISYRSY (G O2 Y YR hidally2BAAGfedit 6t Gréek Pdvikas aciiéved
when the managing company purchases Green Tags. However, the green gewerated

from solar panels was ontyedited for EA Credit Z.

Photovoltaic Cell s and Low Temperature Solar Cells

Photovoltaic cells we used to generate electricity that can: pump water, charge batteries,

supply power to a utility grid and much mof&The electricity developed by the photovoltaic
cellsprovided some of the lightingequired for the building as well as provide the electricity

needed for the pumping of water in sinks and water bubblers. Thete&mperature solar
collectorswNBE RSaA Iy SR (2 KIFINYySaa (KS frandzife®an iny SNH @ X
heat which was transferred to water, solar fluid or aff. The heat provded by the solar

collectors wasised to heat the water in the pool and the water used in sinks.

Materials and Resources

Materials and resources used have seven different credit areas wiithvib earnLEED points.
MR Credits 4 accountd for a maximum of six points. Credit 4. Recycled Conteas
achieved by using recycled materials, 10% edrone point and 20% earnemvo points?®
Credit 5: Regional Materialgasachievedwhen the materals usedwere extracted, processed
and manufactured within our given region, 10% earns one point and 20% earns two Points.

Credit 6: Rapidly Renewable Materialss achieved by using materials as defined by LEED,

* http://www.energy.gov/energysources/solar.htm

% http://www.usgbc.org/ShowFile.aspx?DocumentID=1097

* http://www .eere.energy.gov/solar/pv_use.html

" http://www.eere.energy.gov/solar/sh_basics_collectors.html
2 http://www.usgbc.org/ShowFile.aspx?DocumentID=3998

35



which included concrete, masonry, earthovk and furnishingé® In order to achieve Credit 6,
the cost of the rapidly renewable materials must be at least 2.5 % of the total cost of the
materials® Finally, Credit 7: Certified Woadasachievedwhenthe costs of thecertified wood
components usedavere at least 50% of the total new wood costs. A list of green matehals t

wasused for the recreation centewasfound atwww.BuildingGreen.com

Indoor Environment Quality

There are 8 different credit areas that contribute to LEED points. EQ Qrecigrbon Dioxide

(CQ) Monitoring can be achieved by installing a permanent @@nitoring system which
monitors a mechanically ventilated system or a naturally ventilated systeat was designed

to maintain minimum ventilation requirements. Credit 4: Low-Emitting Materials has four

points that wee easily obtainable bysing any of the products that we LEED certified. The
materials in the LEED checklist include adhesives and sealants, paints and coatings, carpet
systems and composite woodnd agrifber products. These we the productsthat were

planmned to beused in thebuilding to help obtain the maximum four points.

Flooring
C2NJ 0KS 46SAIKG NRB2YZ FSNROAO NRB2YZ f201SN NRz
Sports Flooring provided Wylexco Flooringvas the plan Using this flooring systerwould give

the buildinga point for a lowemitting material.

Adhesives

For the sealant and adhesives, products from Bostke used. Bostik soladhesive products
used for concrete and for witows. Since the new fitness and aerobics rooms will be located in
the circular section on the northern side of the buildiagd will be glass curtakwall, the

sealant to help relieve heating costas used

% http://www.buildinggreen.com/auth/productsByLeed.cfm?LEEDCreditlD=28
¥ USGBC LEED SamplediTemplate NCv2.2
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Paint

Eco-friendly paint supplies from lotalistributors like SherwhWilliamswere used Their green
products are extremely advantageous in assisting in LEED certifications which can help obtain
three points: low emitting material (1 point), and design and verification of thermal comfort (2

points) 3!

Wood
Finally the composite wood udefor furniture cane from the companySierraPine. Their
products camattain up to six accreditation points including two for using recycled content, two

for using regional materials, one for being certified wood @ne for not using formaldehyd.

Credit 8 Controllability of Systemachievel two points, one for lighting and one for thermal
comfort. In order to achieve the point for lightirg control systenwas designedhat provided

comfort control for atleast 50% of the occupants.

Credit 7: Thermal Comforlso achieve two points, one for design and one for verification.

When obtaining EQ Credit 7.1 (thermal comfort design), an explanat@s provided about

how the thermal comfort system wouldcheve thedesign criteria, which includeghinimum

and maximum indoor space as well as the maximum indoor space humidity for all four
seasons? To acquire the second point for thermal comfoatpermanent monitoring system

was installecthat would validate tie thermal comfort conditions of the projedt.One way in

which this wasachievel was by using LEED certified building insulations as well as using
Sherwinz A f f A-0 VEIRA SNM © ¢KA& LINRPRdzOG KlFa t2¢6 SYAa
radiant energy during the summer keeping temperatures lower and contains the radiant energy

in the building during the winter keeping it wari.

* http://ww.sherwin-williams.com/pro/green/inde.jsp

% http://www.sierrapine.com/index.php?pid=20

¥ USGBC LEED Sample Eemplate NCv2.2

* http://www.usgbc.org/ShowFile.aspx?DocumentID=1097
% http://www.sherwin-williams.com/pdf/products/ebarrier.pdf
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EQ Credit 8 Dayliglst Views had two points that werachieved. The first point wasocured if
75% of the total space hasunlight. Thisvas calculated using one of three options: glazing
factor calculation, computer simulation and daylight measureméhtsThe second point
obtained from EQ Credit 8 wai$ 90% ofthe regularly occupied space had views to the
outside3* The plan on obtaining this pointvas to useglass curtain walls for most of the
building to allow for outside views towards the current football and future sodiads.
Calculations werecompleted using the supporting calculator on the LEED site for new

construction.

Innovation in Design Process

Innovation in Design has two areas thatccouned for points. ID Creditl containeda
maximum of four points (one point each) whigtere accruedwhen an originalinnovative
credit was created thaincluded a title, a statement of credit intent, a statement describing
credit requirements and a statement that describes the approach to the cfedihe other area
where the building gaed a point washaving the project signed off by a LEED accredited

professional.
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3. METHODOLOGY

Structural Layout

The drawings and layout of the new recreational center were developed using the AutoCAD
software. This included the layout of the building, columns, beams, and girders. An
alphanumeric grid was also outlined to referencelumns as well as specific girders and
beams. Bay designations were structured around the columns labeled in the alphanumeric grid
to simplify identifications and layoutdMultiple elevation views were used to show the height

of the building as well aslab elevations from different anglesAutoCAD was also used to

determine dimensions of various columns, beams, and girders throughout the building.

The multiplefloored building was analyzed and columns, beams, and girders were structured
around variows recreational rooms such as the Olympic natatorium, the gymnasium, the squash
and racquetball courts, and the rock climbing wall. Once the layout and dimensions were

determined, design of the structural members followed.

Structural Analysis & Design

Thi section will describe the techniques and designs used to develop a structural layout of the
recreation center.The textbookStructural Steel Designd™ Edition,McCormac2008was used

for design of the floor system, flexural members, axial memberd base plates. The
Massachusetts State Building Codlas used to insure that the design was in compliance with

all code regulations.

Load Combinations

Structural steel design is an area of knowledge of structural engineering used to design steel
structures. There are currently two schools of thought in steel design. The oldest is the
Allowable Strength Design (ASD) method. The second, and most recent, is the Load and

Resistance Factor Design (LRFD) method.
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The conditions for the LRFD comply with therpquisites of the American Institute of Steel
Construction (AISC) specifications for load combinations. The design corresponds with those
requirements when the allowable strength of each structural member equals or exceeds the
required strength determiad on the basis of the LRFD load combinations. This can also be
written as so:
Yo oY

R, = required strength
R, = nominal strength

' NBaraidlyOS FI OdG2N

., 1nwallowable strength

When calculating LRFD load combinations, the required strengthis Reterminel from the

load combinationseen in Table 2.

Tables 23 were used to determine the loads in pounds per square foot (psf). For each unique
part of the new recreational center, dead and live loads were calculated. Examples of this can
be seen in TablB:

Table 5: Sample Use of Load Combinations

Load Combinations
1. Find Appropriate Loads

Dead (psf) Live (psf)
a. Corridor 65 100
b. Offices/Classroom 65 50

2. Find the Factored Applied Load
' 3adzyYS yQ ¢NRAROdzi | NB 2

Load Combinatia # a. Wu (Lb/Ft) b. Wu (Lb/Ft)
1 728 728
2 1904 1264
3 624 624
4 1024 824
5 1024 824
6 468 468
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Once the loads and load combinations were calculated, it was time to apply these figures to the
structural layout of the new recreational center. The dastj the floor system was the first

constituent to be explored.

Floor System

The first component to be analyzed was the floor systérhe floor system was connected to
the beams using shear connectors yielding a composite system. The design Dasigahg

with Steel Form Deck, SDI, 2008 used to obtain dimensions for the decking.

Once the decking was detailed, a manufacturer was referenced to select the actual product.
The manufacturealsoused provided design values and allowable loads foemdifft types of

decking and different slab types.

Composite Sections

Composite sections were designed for all floors of the Recreation Center. These composite
sections were designed based on the loads and load combinations discussed above. This design

encompasses flexure stresses, shear stresses and deflections.

Design of the composite beams started with finding the required area of steel for thbeaped
YSYOSNI 61 aSR 2y G(GKS YI EW)YdeYo déad énd Bvhllbdds (fegureS v i
design). This maximum factored moment from the loads was used to compare to the strength

6 pMpy) of Wshapes in Table-3 from the AISC Steel Construction Manual, 200@bles 53
summarize the design process of a composite section. Badflews the steps taketo design

the member before the strength of the slab could censidered
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Table 6: Spreadsheet Used for Flexure Design

Design for Flexure
2. Maximum
1. Load Combination Applied
Moment
W, (Lb/ft) W, (Lb/in) M\“/éf:z/fs)
a. Corridor 2856 238 142,800
b. Offices/Classroom 1896 158 94,800
c. Restrooms 2088 174 104,400
3. Choose Beam Size Beam Properties
Beam Size Beam Weight | Beam Capacity
AISC T2 (LB/FY U p Mux(FFLBS)
a. W10x33 33 146,000
b. W12x26 26 140,000
c. W12x26 26 140,000
4. Check Against Weigh 5. UpMp>
(My) My?
(FFLBS)
a. 145,080 Yes
b. 96,360 Yes
c. 105,960 Yes

All examples shown in Tabbeare acceptable because the factoredestgth is greater than the

applied moment. This process gives a preliminary section to further design for.
The next step in this design was to determine the strength of the composite section. This was

important because the composition section is, in atase, about twice as strong as an

independent floor system. Tabkeshows this design process.
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Table 7: Spreadsheet Used for Composite Section Strength

Determining Strength of Composite Section

1. 5SGSNMAYS

. hit,, <
h(in.) /it 0 ®T c,K?9
a. Corridor 12.27 39.58 YES
b. gﬁlceS/CIassroo 10.84 4713 YES
c. Restrooms 10.84 47.13 YES

5 Locate PNA 3. Strength c_)f Composite| n ® yM,>
Section M,?
. . M
r) _ b n
a(in.) a<t” My (in-K) (FFK)
1.37 YesSOPNA  g553 37 391.75 Yes
is in slab
0.94 YesSOPNA 3663 o5 276.30 Yes
is in slab
0.94 Yes SO PNA 3643 o5 276.30 Yes
is in slab

experienced by the section.

The speadsheet in Tabl8 was used for this design.

The composite section was then checked for adequacy in shear. Shear design, like the flexure
design, started with tB load combinations in order to find the maximum shear force
After briefly calculating the web shear coefficient, the shear

capacity was evaluated. From here, the applied shear could be compared to the shear capacity.
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Table 8: Spreadsheet Used for Shear Design

Design for Shear
2. Maximum
1. Load Combination Applied Shear
W, (Lb/ft) W, (Lb/in) V, (K)
a. Corridor 2901.6 241.8 29
b. Offices/Classyom 1927.2 160.6 19.3
c. Restrooms 2119.2 176.6 21.2
3. Web Shear 4. Shear 5. %>
Coefficient Capacity Vu?
hitw % (Kips)
39.6 131.13 Yes
47.2 84.18 Yes
47.2 84.18 Yes

The last design check was for deflections. T&b&an example of deflections for floors using
the equation L/240. For the roof, L/200 was the design equatiorzetilivhich enabled smaller

sections to be used. These deflection calculations included the construction live loads (wet

concrete).
Table 9: Spreadsheet Used for Deflection Checks
Deflections
Members Member Properties
E(psi) I (in®)
a. W10x33 29x10 171
b. W12x26 29x16 301
c. W12x26 29x10 301
1. Actual Deflection 2 s:ol\:,\llsgrl: BT 3. ﬁﬁ(t)l:/va;tjle?
500 38400/ 0 40 (n)
1.54 1.55 Yes
1.38 1.55 Yes
1.52 1.55 Yes
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Using these five spreadsheseitall of the composite sections for every floor and roof were
designed. All of the designed sections and their locations are presented via AutoCAD drawings

in Chapter 4.

Columns

The axially loaded members (columns) were designed using the LRFD appVéatiaped
memberswere selected and designed for axial loading members rather thandquittolumns
composite columns or other different shapebable 41 from the AISC Steel Construction
Manual, 2006was used to determine the available strength in hx@mpression based on the
effective length (KL) with respect to the radius of gyratigh (Tablel0 shows the spreadsheet

used for column design.

Table 10: Spreadsheet Used for Column Design

Column Design
1. Load 2. ANBI wS 3. Choose a 4. Effective
Combination Section Slenderness
Ratio
P.(k) = 1.2D + 1.6L U AISC TA1 0o
6@ e
400 10.6 Try W1250 79.6
5. - CFcr from 6. / I f C) d%PnI 7. Pu f Cﬁn ?
AISC T£2
KSI B CFCT *A (k)
28.35 413.91 Yes

This process gave us-8Maped columns for all floors of the building and can be found in

Chapter 4.

Base Plates

The next step in the design process was to cardmbw the columns would transfer their loads

to the foundations. To do this column bgslates had to be designed for.
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A few properties of the footindhad to be identified such as thigpe of foundation and its
surface area. A basic analysis of theting was completed to find these properties using the
spreadsheet provided by the textbookoundation Design"2 Edition ¢ Coduto, 2001 The
required base plate area was found from the factored load and area of the footing. Once a
preliminary base pla area was calculated, the dimensiamsandn were optimized to help find

the dimensions for the entire base plate.

Finally, the bearing strength of the concrete was checked and the thickness of the plate could

be determined. The base plates are digdiin Chapter 4 using AutoCAD drawings.

Truss Design

A truss system was designed for the long spans of the gymnasium and the natatorium instead
of typical Wsections which would dve been extremely deep and impractic#l study of the
effectiveness ofruss designs using RIBB was conducted to find which could most effectively
carry the given loadsStructural analysis on three basic truss configurations was performed for
uniform green roof and snow loads. The design of the truss also incorporatedigh of
different shapes within RIS2D.

The truss was designed for the gymnasium and only had loads of the green roof combined with
snow loads. The height of this truss determined how high the green roof would extend above

the rest of the roof.
The second truss designed was slightly more complex because it was on the second floor and

was required to carry uniform loads from the floor above as well as point loads from columns

throughout its span. RISZD was used to render the truss designs.
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Foundatio n

When designing the foundation for a structure, one must first consider the soil conditions
which the buildingwill transfer the loads toFor the foundation design, the geotechnical report
prepared by Haley & Aldrich Inc. for WPI was used toaiobtsite information, soll
characteristics and foundation design recommendatiofitie report also gave depths of the

water table which was an important aspect to the foundation design.

Once the soil conditions were established, the bearing capacitignldsegan. To simplify the
design of the spread footings for the building, four broad categories of column loads were
chosen. These four categories grouped every single colufauindation Design"? Edition¢
Coduto, 200was used for all design step$ the footings which was the selected foundation

for the building.

Bearing capacity design was the first step to sizing the footigferent areas of footings
GSNBE OK2aSy dzaAy3d GKS W.SFNAy3 /I LI OAGe 27F
with the Foundation Design"2 Editionc Coduto, 200%extbook). This spreadsheet, based on
the height of the water table, depth of footing, factor of safety, effective friction angle and the
bearing capacity factors, computed the allowable column loadfpoting. These values were
obtained from the geotechnical report and tHeoundation Design"2 Editionc Coduto, 2001

textbook.
An important consideration in this process was the height of the water table. Figure 13 shows

the three cases in the depi of the bearing capacity. Based on the case, a specific equation

was used.
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Figure 13: Three Groundwater Table Cases for Vertical Stress Analysis

The final result of finding the bearing pressure yielded the surface areheofdoting. To

obtain its thickness another step was required.

The thickness was calculated using a ey shear analysis to ensure that the column, which
would transfer its loads through a base plate, would not puncture the concrete. This simple
calalation gave the overall thickness of the footing and the height of the reinforcing steel from

the top.

Once we knew the volume of the footing, the reinforcing bars were seleciéé.required area
of steel came from a flexural design (based on the begdnoment the column would place on
it). Reinforcement was chosen and detailed to ensure adequate cover and development

lengths. These footings and their reinforcement were detailed using AutoCAD.

A settlement analysis was performed on the underlyioiy af the building after the footings
were designed. Ae analysis began with locating the height of the groundwater table based on
the geotechnical report. The height of the water table is important because if it drops a
significant amount below the footg the effective stress of the soil beneath the footings will

increase greatly. This process would have caused catastrophic failure of the building. The
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reason this happens is because the pore water pressure will carry sbthe lmadwhen it is
relatively close or at the elevation of the footing. This will take stress away from the

surrounding soil.

Retaining Wall /Sheet Piles
This section describes the design process of a cantilever retaining wall. Before one designs the
dimensions of the retainip wall, they must first choose which of the previously stated

conditions the retaining wall is following and use that as a basis for design.

In order to calculate the normal force of the soil pressure per unit length of wall, the following

equationwasused:

[a=tN

GKSNBZ | Aa (GKS KSAIKG 2F (KS ,osltHe caefficient of &

lateral earth pressure in the aest condition®®

At-rest
lateral
earth pressure

dpFf=",

Figure 14: Normal Force Acting on a Cantilever Retaining Wall
(Foundation D esign 2nd Edition z Coduto, 2001)

Figure 14 depicts the lateral earth pressure in theest condition.

% Foundation Design”?Editionc Coduto, 2001
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Engineered retaining walls often use a method called the equivalent fluid method which uses a
fluid unit weight of water, instead of K values tdatdate the normal forces acting on the wall.
The resulting force acting along the walds the same as before andas calculated by the
equation:

b %O

w 2

where G is the horizontal equivalent fluid densify.

Another load that acts on the retaining walltlee surcharge load Figure 15 depicts a typical
uniform surcharge load as well as a point load. The surcharge loads extend as far horizontally

as the approximate height of the wall.

Point Load
Surcharge

{

Figure 15: Surcharge Loads
(Foundation Design 2 nd Edition z Coduto, 2001)

We calculate the surcharge load by using the equation:

» =020
GKSNB aArdayYlk 60 Aa GKS FRRAGAZY!Il f YShendasn NBS f
F2NJ GKA& Aad 0SOlFdzaS GKS NBLR2NI aidl SR dwFe2l

% Foundation Design”?Editionc Coduto, 2001
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load should be calculated based on a uniform lateral pressgreal to 0.5 times the vertical

surcharge pressure acting on the backfilled side of the wall, applied over the full height of the
gl % o¢
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DAY
1\

-\
i\
i\
D DA
mtf—f =t} \
wanf— i \
1. \

|

Figure 16: Loading Diagram with a Uniform Surcharge Load
(Foundation Design 2 nd Edition z Coduto, 2001)
CA3IdzNBE wmc aK2ga (GKS f2FRAYy3IEa GKS NBONBIF A2y §

soil and distributed loads from the floors above.

Once those key componentsere calculated, the next step in the design process was to
determine the preliminary dimensions of the raetang wall. Te reinforcement ratio (R was
first determined by using thgiven data and using Table 10 belewd was used to calculate

key components for the wall dimensions as well as help determine bar sizes

3 Geotechnical Design Investigation, Haley & Aldrich, Inc. File No. 32607
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Table 11: Reinforcement Ratios

TABLE36.1 Bal d and Maxi Reinf Ratio p for Singly Reinforced Rectangular Beams
£/ =3000 psi f! =3500 psi [ =4000 psi f/=35000 psi £ = 6000 psi

B1=0.85 A =085 £ =085 B =050 £ =075
40,000 psi 2, =0.0371 P =0.0433 o, =0.0495 o= 00552 o =0.0655
P = 0.626 py, =0.0232 0.626 p, =0.0271 0.626 p, =0.0310 0,626 py, = 0.0365 0.626 p,=0.0410
';IIU(V(I'N py=0.0275 p,=0.0321 o, = 0.0367 2, =0.0432 m, =0.0456
D == 0.675 py, =0.0186 0.675 p, =0.0217 0.675 p), =0.0248 (0.675 4 0.0291 0.675 py, =0.0328
60.000 psi o, =0.0214 o, =0.0249 21 =0.0285 o =0.0335 oL =0.0377
P = 0.724 p, =0.0153 0.724 o =0.0151 0.724 p, =0.0206 0.724 pj, =0.0243 0.724 pp, =0.0273

f.=20 MPa f' =25 MPa f' =30 MPa f'=35 MPa 1./=40 MPa

i B,=0585 B =085 B =085 By =081 B:=077
300 MPa pu=10.0321 o5 =10.0401 pp=0.0452 o1, =0.0536 i =0.0582
P = 0.643 pp, = 0.0206 0.643 p), =0.0258 0.643 p5 =0.0310 0,643 p;, = 0.0344 0.643 py, =0.0374
350 MPa o, =0.0261 pn=0.0326 0y =0.0391 o, =0.0435 0, =0.0472
Pris = 0.679 p, =0.0177 0.679 p), =0.0221 0.679 p), =0.0266 0.679 p, =0.0295 0.679 p;, =0.0321
400 MPa o =00217 o =0.0271 o =0.0325 p,=0.0361 pu=0.0393
y 0.714 p, =0.0155 0.714 g, =0.0183 0.714 p;, =0.0232 0.714 p, =0.0258 0.714 p;, =0.0280
f' =200 kgf/em® f. =240 kgflom? f =280 kel/em* f! =820 kef/em® f.! =360 kef/em®

f. B =053 B=055 By =085 fi =082 B =079
2800 ket/em® on=0.0357 o =10.0429 = 0.0500 o, =0.0551 pu=0.0595
i = 0.619 p;, =0.0221 0.619 py, = 0.0265 0.619 p; =0.0310 0.619 py, =0.0341 0.619 p,=0.0370
3500 kel/em o, =0.0265 o, =0.0318 y=0.0372 P =0.0410 P =0.0444
P = 0.667 p, =0.0177 0.667 p, =0.0212 0.667 p, =0.0248 0.667 p, =0.0273 0.667 pp =0.0296
4200 kegt/em? o1, =0.0206 o, =0,0248 py=0.0259 o, =0.0319 pr=0.0345
Dins = 0.714 p, =0.0147 0714 pp=0.0177 0.714 p, =0.0206 0.714 p, =0.0228 0714 p =0.0247

Source: Reinforced Concrete Design 2nd Edition, Wang 2007

The following step was used determine the height of the wallAn extra fourfeet below the
bottom of the footingwas povided for frost penetration®® Next, a uniform footing thickness
based on the total height of the wall which is typicallgo of the total height was estimated.
Subsequently, the base length based on the load distributions was determined. The base
length is the length of the bottom on the stem plus the length of the heel. In order to perform
that operation, the resultant forces acting on the wall were calculated. The moments about the
point on the bottom of the footing directly below the inside pat the stem were summed
after that. Once the equation was arranged, a length that consisted of the weight of the soil
being equivalent to the pressures acting on the wall was concluded. After that distance was
calculated, it was multiplied by 1.5 to @bh the desired base length. The stem thickness based
on the bending moment was calculated with the equation:
_G(@P) | ()

©= 73 "¢

where R and B are the resulting forces acting on the wall and y is the distance from the

bottom corner of the footing to the force.

% Reinforced Concrete Des'@‘? Edition.Wang 2007
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A facta of safety equal to 1.6 was put into the Mquation to establish M Once N was
calculated, the required thickness (d) could be determined using the equation:
‘YQ:].’Q: 0#?
%” Y Z W
where A d (GKS FFEOG2NBR Fft26106fS Y2YSigtheddd LI OA (&
ratio calculated by the data previously computed and data in Tabkndl b is the unit length in

inches.

To determine the total thickness, both 0.5 inches for the reinforcement bar radius &hd 2
inches for cover were added. The critical sectiansfeear strength was checked and calculated
by using the equation:

, - 1.

@)= U &+ 5 Uy (6¥)
Once that was calculated, Was multiplied by 1.6 (factor of safety) to obtaip (@ctual shear

strength). The allowable shear strength)(Was then determined to see if the allowabas

larger than the actual. The allowable shear strength was computed using the equation:

% Ggy= % 22 " 2 (z'Q

where VA a (G KS TFI O 2 NBiRthezdhrpressive Gtrehgth Ofkhé 8teel aRdQl is the
thickness in inches. If the allowable is greater than the ddhen shear reinforcement is not

required because it is in accordance with-ACK.6.1.

After the thickness was determined, the decision was whether or not the retaining wall
adhered to the factor of safety against overturning. Using the preliminamensions, the
moments with respect to the heel were summedBased on the summed moments and the
gravitational forces applied by the soil and concrete, the retaining wall was checked to see if it

was greater than the factor of safety, 2.

The next step @&s to determine whether the force was within the middle third of the base. In

order to do this, the sbar, which is the sum of the moments (i.e. the moments resulted from
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the weights of soil and concrete and the moment resulted from the soil acting maithy),
gl a G2 0S RAGARSR o0& (KS &dzY -barminus Kaff of h&dageK (i & @
length, was calculated. It was determined whether the resulting force was in the riludie
08 YdzZ GALX 8AYy3I WSQ 0 @& gtitto ded iRit washlg8s\ tRah grBquadl # 1.0 KS ¢
Once that was completed, it was important to verify that the maximum applied force was less
than the allowable bearing capacity. This was confirmed using the equation:
Y= 1, 2w (Qa)
where R is the summed resulting gravili A 2 Y I  nax B thé&deRidudn allowable resultant
force and b.l. is the base length. Once this was concluded the next step was to establish

GKSGKSNI 2NJ y23G GKS NBONBFGA2ylf OSyGdSNRa NBGl

Tovalidatel KS NBGIFIAYAy3 gl ffQa alFSdiexs GKS TFT2NDOSa
K2NRT 2y Glrtteo FyR (KS 7T MAe@PA 2Ayalr i KIS2 NIRSST FOICGAGK
and R being the summed gravitational forces of the soil and cononete examined. Once

those components were calculated, the frictional force was divided by the forces causing sliding

to determine if it was greater than 1.5.

The design of the reinforcement of the wall was the subsequent stage in the analysis. fThe firs
component to find was the required area of steel by using the equation:
@
o W
Ova

w %% "@z ¢
where Aq/b is the required area of steel per unit length of wall/b/is the actual shear strength

per unit length of wall,fis the yielding strength of the steel and p is ttwefficient of friction.

The flexural steel area was the next computation solved by using the equation:

23532 Lo
S99 o

% "Mz ¢

O .o WO 5
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where M/b is the actual moment capacity per unit length of wall and d is the required
thickness. Then, the required area and thextlral steel area were added together to obtain

the total required steel area. Once the total required area of steel was calculated, an analysis
was done to determine which steel bar size to use and how far apart they would be placed
based on the total rquired area of steel. Finally, the moments at the top and bottom of the

ai0SY 6SNB SaidlofAaKSRo® ¢2 RSOGSNXYAYS (KAazZ GK

equation:
v_ "OQ
w= 0.85°0yj
where a is a constant used to determine the moment capacities at the topbatidm of the
aidSYy IFyR ~ Aa GKS a tsSvbs andlyied, #vas iised id tBe nmimdeBtR @ h
equation:

% = %0 AQ Y
where M, is the factored moment capacity at the top and bottom of the stem ap £e area
of steel. The moments at the top and battoof the stem were compared to the actual
moment. If they were larger at the top and bottom than the actual moment, then the
reinforcement was designed well enough for the vertical steel. The required longitudinal steel
was calculated using the equation:

0; = .0020+¢

where Ais the area of steel andgAs the gross area of the concrete. Using this area, it was
easy to conclude on which steel bar size to use and how many would be needed for the

longitudinal direction in the stem.

The first step in establishing theeinforcement for the footing would be to calculate the
development length which was verified using the equation:

_ 12007

%o 5000

where d,is the diameter of the steel reinforcement bar ang is the development length. It
was necessary to add three inches to thetd determine the minimum footing thickness. The

answer to the minimum thickness was obtained using the shear forces. It was calculated via
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the weights of the soil per unit length and the footing per unit length. Those weights were
summed and multipliedy a factor of safety (1.4). Subsequently, the factored shear strength
LISNJ dzy A G kfoSy JdilKa 6S @l f dzl G SR® ¢tKS @FftdsS 27
YAYAYdzYy F220Ay3 GKAOlySaa FyR GKS FI OG2NBR
obtained, three inches andu2 were added to get the required thickness. To design the

reinforcement, the larger of the two thicknesses was used.

Next the controlling thickness was decided, the previously stated steps of figuring out the
required area of ®el per unit length of wall and comparing the maximum moment to the
factored design moment went into evaluatiohVhen thiswas calculated, it was concluded that
a bar size and their spacing needed to be identified. The longitudinal steel was determined
using the equation:

0; = .00182 0+
where Ais the area of steel andgAs the gross area of the concret€&inally, wherthis area of
steel was establishedbar sizes and quantitieseeded to be considered for effective

reinforcement.

Pool Foundation

This section dscribesthe method used to design a foundation for the Olymgimed swimming
pool. A foundation for this type of natatorium consists of four cantilever retaining walls around

the perimeter and a mat foundation for the bottom of it.

The first step wasto calculate the pressures on the retaining walls using two different

scenarios.

Scenario 1: The groundwater table is at the surface of the pool. In this case, the pressure acting

e d

2y O0UKS az2Aift Fa I NBadz d FNRY diveinrstM@ightof thed LI dz3

a 2 Asfty,) -®-6lFwas calculated.
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{ OSYFNA2 HY ¢KS 3ANRdzyRglIGSNI GlofS Aa f20FGSR
was evaluated using variables obtained i £ S& 3 | f RNAOKQa DS20SOKYyAO

The design o KS L322t Q& ¥ 2 dzy RI drithc@ jbadiaigs.a Oncelthe EeBult ®ag (1 K S
obtained, the loading in the excel spreadsheet provided to us by the textbook was adjusted

accordingly.

To calculate the pressures on the mat foundation from the water, thi€ weight of water was
multiplied by the height. Using the excel spreadsheet found in the textbook, the dimensions of
the mat were analyzed and used to find the allowable pressure on the soil. For the unit weights

of the soil, the maximum and minimum iirweights (109f15“®3 without water and 46.6‘7‘5..@

with water) were used. Once the numbers were plugged into the spreadsheet, they were

compared to the data obtained using the Vesic method.
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4. STRUCTURAL ANALYSIS & DESIGN
Buildi ng Footprint

The program AutoCAD was used for the design process that was used to outline the alternate
design for the new recreational center next to Harrington. Measurements for the length of the
building were taken and then drawn up in AutoCAD. [Edut depicts the footprint that was

drafted and used throughout the design process. It includes the circular part of the building
GKSNBE (GKS FTAldySaa OSyiaSNI Aao Li-©08 BKAD| ®Y LR N

Project

$ North

Figure 17: Building Footprint

Column Locations

Once the footprint had been sketched out, the next step was to design the girder, beam, and
column layout for the building and fitness center. Figure 18 shows a standardized layout that
would be applied to eeh of the floor systems. It was important to keep the spacing constant

throughout the building. However, there were parts of the facility that had to be edited in
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order to keep in shape with the footprint. The fitness center in Figure 19 was desigied to

completely symmetrical.

It also should be noted that there were differences amid the various floor systems due to
certain recreational rooms such as the natatorium and gymnasium that are displayed a few
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Figure 18: Girders, Beams, and Columns in the Building
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Figure 19: Girders, Beams, and Columns in the Fitness Center
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Each floor has unique recreational rooms that senfeetknt purposes. In the figures displayed
below, columns can be viewed from each of their respective floors. Figure 20 represents the
second floor. There is a large spacious area where the Olympic sized natatorium will be

constructed. Girders and beamseaabove the indoor rowing tank north which is north of the

natatorium.
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Figure 20: Second Floor Column Layout

In Figure 21, the third floor column layout can be seen. The beams, columns, and girders had to
be adjusted for the guash and racquetball courts at the northern end of the building as well as

the rock climbing wall at the southwestern part of the building. Beams and girders spread

across the top of the natatorium.
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Figure 21: Third Floor Colum n Layout

The fourth floor column layout in Figure 22 has a large focus around the southern part of the
building. That is where the gymnasium featuring basketball courts will be constructed. Beams
and girders can be seen where the rock climbing wall ddsguash and racquetball courts

are.
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Figure 22: Fourth Floor Column Layout

Lastly, Figure 23 shows the roof column layout. The beams and girders above the gymnasium

and indoor track are featured in the figure.
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Figure 23: Roof Column Layout
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Column Measurements & Alphanumeric Grids

Once the column layout was designed and structured per floor, the next step was to find
measurements and create a system that would identify each individual column \agh. e
Below, Figure 24 shows the column measurements for the building while Figure 25 shows the
column measurements for the fithess center. The dimensions shown in Figures 24 and 25 were
obtained via AutoCAD. Take note of the repeating lengths and widtesighout the building

as they come into play when creating bay designations.
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Figure 24: Building Column Measurements
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Figure 25: Fitness Center Column Measurements

Figures 26 and 27 present the alphaneric grid for column locations for the building and
fithess center respectively that was established in order to give each column a title. This system
of column identification allowed for easy recognition of the column in question. The layout of
the alphanumeric grid created the basic layout for a system of bay designations that will be

covered later.
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Figure 27: Alphanumeric Grid for Fitness Center Column Locations

Recreational Center Units

The recreational center is divided into three main types of units. Figures 28 and 29 outline
these units for their respective areas. Each unit is composed of bay designations that are
repeated often thoughout the building. These units served as areas of focus for the design of

the various flooring systems.

Each type of unit is repeated on floors one through four. All the units were divided based on
column measurements. The building has different disembetween columns but for design
purposes we divided the athletic center into units to make certain areas easier to distinguish.

The same goes for the fitness center.

Each individual unit shown in Figure 28 has symmetrical bays aside from the angtedfphe
building. As a result, there are only a few unigue areas that differ while the rest are simply
repeated throughout. Figure 29 shows that units A and C are symmetrical while unit B serves as

the middle ground for the fitness center.
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Figure 28: Athletic Center Units for the Building
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Figure 29: Athletic Center Units for the Fitness Center
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Bay Designations

Bay designations were drafted based on the recreational center units, the column
measuements, and the alphanumeric grid. Figures 30 and 31 contain bay designations that
GSNBE dzaSR (02 ALISOATE IINBlFra 2F AydSNBalooe LGQa

of the bays repeat anywhere from three to 26 times.
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Figure 30: Bay Designations for the Building
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Figure 31: Bay Designations for the Fitness Center

Elevation Views

Due to the location of the new recreational center that will sit in the hill by the athletic fields, it
was mportant to take into account its elevation as well as the slab elevations. Figure 32 shows
the slab elevations and Figure 33 shows the building elevations, each from two different angles.
Figure 32 shows the slab elevations in relation to sea level dswéie sequential floors while
Figure 33 simply specifies the height of each floor from the ground up. The floor thickness

usually defines what steel elevations of beams and girders will be.
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Figure 32: Slab Elevations
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Figure 33: Floor Heights

Column height varies throughout the building. Figure 34 displays this using the elevations from

Figures 32 and 33. The empty space to the left of the bottom diagram should be discounted as
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that refers to thecircular fithess center at the northern end of the building. This outline helps

show where the pieces fit and puts them into perspective
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Figure 34: Building Elevations with Columns

3D Views

The program Revit Building was used order to produce a 3D visual of what the new
recreational center would look like. The 3D visual used the same dimensions as the 2D design.
The topography and elevations were taken into account when creating the model. Below,
Figures 3838 feature the lilding from different angles so as to get an idea of what the final

design should look like.
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Figure 35: South Side of Building
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Figure 36: West Side of Building

Figure 37: East Side of Building
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Figure 38: North Side of Building

Summary

In this section, the building footprint was defined and column locations were detailed.
Measurements of columns, beams, and girders were taken and alphanumerk \gece
sketched. The building and fitness center were divided into units and were assigned bay
designations based on their unit number and the lengths of beams between columns. Lastly,
top-of-slab and building elevations were determined. Once these strattmmembers were

located and identified, it was time to design the four floors for the recreational center.
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ldentifying Loads

The first step in designing a floor system and structural memisets indentifythe gravity

loads. Different zones throughotite buildin

for the roof where snow drifts were calculated. The magnitudes and lengths of the snow drifts

were calculated based on a ground snow |

in Figure 39 below.

Zone B

Green Roof

:NNNNANANSNNNNNNNNN

g were identified. This was particularly important

oad of 553b/fthe different load zones are shown

Mec, Enclosure

£

T

NN
\— Zone A

Figure 39: Diagram of Loads on Roof

Table 2 lists these zones along with their respective loads.

Table 12: Design Loads for the Roof

Zone A

Zone B

Zone C

Zore D

Zone E

Green Roof
Mec. Enclosure

43 psf
91 psf
113 psf
78 psf
67 psf
95 psf

120 psf

The same approach was used for the interior floors of the buildiBgsed on the floor plan

different zones were designated to simplify the design process. T&xhdws the differat

types of loading zones that were used.
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Table 13: Design Loads for Floors

Corridor 238 psf
Offices/Classroom 158 psf
Gymnasium/Racquetball/Squay 262 psf
Rest Rooms 174 psf

Based on the general floor plan developed, diffdresections of the building could be

appropriately designed using these loads.

Floor Systems

The recreation center was chosen to havgéi SSf F2N¥Y RSO1 6AGK | OF ai

This composite system was chosen because of its resistance to live loads, stiffness (smaller
deflections), capability to handle overloads, required smaller slabs and beam depths (which
reduce floor heigts and material costs). This composite system increases strength due to the
fact that the compression normally exerted on the top flange of the beam will be carried by the
concrete and allow the steel to carry mainly tensile stresses. Shoring will natsée

throughout construction; therefore the members were also designed for live load construction.

The slab thickness was the first consideration for the floor system. Tdbédtdined from
Designing with Steel Form Deck, SDI, 2088 used to determme the slab thicknessAccording
to the Massachusetts State Building Cotles minimum thickness of the composite systems for

fire-resistance had to be for no less than two hours.

Table 14: Hourly Resistance of Slabs

Minimum eqivalent thickness (inches)*

Concrete for fireresistance rating (hours)
Aggregate Type
1hr. [1'2hrs.] 2hrs. | 3hrs. | 4 hrs.
Siliceous 3.5 4.3 5.0 6.2 7.0
Carbonate 3.2 40 4.6 5.7 6.6
Sand-lightweight 27 33 3.8 4.6 54
Lightweight 25 3.1 3.6 4.4 5.1

Althoughmore expensive, the aggregate type chosen for the slab was-lggintdveight. This

lightweight aggregate helped minimize floor thicknesses throughout the building. For this type
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Following the design of the slab, the shape and dimensions of the steel form decking was
chosen. The Steel Deck Institute was referenced on this design. Actual products were selected
from Commercial Siding anddihtenance (CSM), a company steel form deck manufacturer.

This manufacturer provided design values such as the moment of inertia, area of steel, strength
of steel and self weight. Tables presented for composite metal decks supplied the allowable
superimpsed live loads using studs. These loads could be compared to the design as a check.

Table 15 shows this table from CSM that was used.

Table 15: Properties of 1.5 SB Lightweight Composite Metal Decking

Source: Commercial Sidin g and Maintenance, 2009

Based on Table 13, decking was designed for the roof and for fledrs 22gage 1.5 SB
lightweight composite decking and %fage 1.5 SB lightweight composite decking was used for
the roof and interior floor respectively. This cking was chosen for triple spans and a
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