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Abstract

This project created an alternative support system for the suspended track in WPI’s new
Recreation Center. The development of the alternative design primarily addressed structural
integrity. A comparative analysis between the existing and alternative design was completed for
the design, cost, and schedule. Two Building Information Modeling software applications:
Autodesk Robot and Revit were used in supporting the study. Robot was explored as a new

program in structural analysis and Revit was used to create 4-D models of both designs.
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Capstone Design Statement

The capstone design requirements were met in this Major Qualifying Project through
studying the new Recreation Center at WPI. This project focused on creating an alternative
design for the suspended track system that is on the top floor of the new building and creating a
cost estimate and a schedule that would allow the group to complete a comparative analysis of
the existing and alternative designs. Finally, the schedule was integrated into BIM to create a 4-
D model. The alternative design used cantilever and simple beams to replace the suspension.

In order to meet the specified requirements for a capstone design experience, this project
addressed certain constraints set forth by the American Society of Civil Engineers. These
constraints include economic, health and safety, ethical, manufacturability, and social.

The economic constraint was addressed by looking at the effects of the alternative design
through a cost perspective. A cost estimate was created to compare the two designs. Also, the
project looked into construction contracts and studied the different types as well as the economic
benefits and differences of each type.

This project looked at the Health and Safety constraint through the alternative design.
The alternative design used the Massachusetts State Building Code: 7™ Edition as the building
code and the AISC Steel Construction Manual for design considerations and specifications.
These both are accepted standards that take health and safety into account.

Ethically, the alternative design was designed under the same ethical considerations taken
by Cannon Design. Cannon stated many of their assumptions on the cover sheet of the structural
package. All of these constraints were followed throughout the design process.

The next constraint studied was manufacturability. This project looked at how feasible it

would be to have an alternate design for the track system. Similar sized beams and columns were
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used to ensure that the design was of comparable constructability to the original design.
Construction of the alternative design does not require any extra major equipment, material, or
labor. This approach allowed for guaranteed manufacturability and constructability. The
constructability was also looked at through the schedule comparison and the creation of the 4-D
model.

All aspects of this MQP addressed the social constraint. The Recreation Center is a social
place that will be open for public use. The indoor track that is being installed is an important
aspect of the Recreation Center and will most likely be a widely used portion of the building. In
creating the alternative design, it had to be designed to meet all of the needs of the WPI
community in their wants for an indoor track. The project meetings gave insight into how
necessary the Recreation Center is and the social impact it will have on the campus. This project
also provided educational opportunities for the WPI community by allowing students of many

projects to be involved in the construction and development of the Recreation Center.
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Chapter 1 - Introduction

Construction is an everyday activity that to a varying extent is part of our lives. The
construction industry is continuously growing with new projects and the development of new
infrastructures. Large-scale and small-scale construction projects alike are accomplished through
multiple inter-disciplinary fields of work coming together to complete the project. Architects,
structural engineers, project managers, and contractors are just a few of the many parties that can
be involved in any project at one time. These parties come together and must work efficiently
and collaboratively to design and build a facility based on the client’s or owner’s vision and that
meets his/her needs.

Two major parties involved in construction projects are the design and project management
teams. The design team usually includes architects and structural engineers, as well as other
specialty engineers and design professionals. The architect works to take the owner’s vision and
provide a realistic design to meet the owner’s needs. Structural engineers are responsible for the
structural integrity of the project. Project managers are usually involved in construction,
coordinating the involvement of supplies and trades, tracking the development of the project and
assisting the owner throughout the entire project development process.

In early 2008, Worcester Polytechnic Institute decided to undertake the construction of a
new Recreation Center for its community. WPI has a great need for a new Recreation Center
because its community of students, faculty, and staff has grown so much in the past five years
that the current facilities are no longer sufficient. The new Recreation Center is comprised of
two floors which include an Olympic-sized swimming pool, a four-court gymnasium, a
suspended jogging track, a 14,000 square foot fitness center, multi-purpose spaces, a Robotics pit

and new offices for personnel in the Department of Physical Education and Athletics. This
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project investigated the structural implications for an alternative design of the fourth and fifth

floors of the new Recreation Center as shown in areas A and B of Figure 1 below.

CANNON

2

ril

Figure 1: Construction Sections of the Recreation Center

The fourth and fifth floors of the Recreation Center these areas contain a four-court
gymnasium and a suspended track. The suspended track is supported by steel rods that attach to
the sides of the track and hang down from the roof trusses. This study investigated some
alternative designs to the current suspended track using project management principles as well as
structural engineering concepts. The first alternative design attempted to replace the steel rods
with only cantilever beams and the second alternative design successfully replaced the supports

with alternating cantilever beams to a simply supported beam. An evaluation of the loading
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changes that affect the roofing system for the alternative design was also completed. A
comparative analysis including the effects of and construction schedule was also completed
between the two designs.

To facilitate integration of the structural and project management aspects of the project,
computer-aided engineering tools were utilized. Autodesk Robot Structural Analysis (Robot) was
utilized for structural analyses of the alternative design. Autodesk Revit Structures (Revit) was
used as a platform for Building Information Modeling (BIM). BIM is a technology-based
collaborative approach that allows design and construction professionals to visualize and share
information about the project through a 3D digital model. This study created a 3-D
representation of the alternative design integrated in the Recreation Center utilizing BIM.

This report fully details the work that was done to accompany it. Chapter 2 includes the
research that was completed on the topics of structural analysis, project management, and the
different software programs used. This research was used to help understand the scope of work
that had to be completed. When the research was completed, the project took way by
benchmarking the existing design to analyze the system that is currently in the Recreation
Center; Chapter 3 details the benchmarking work that was completed. Following the
benchmarking work, Chapter 4 details how the alternative design was created through its
structural design as well as how the cost and schedule was created for the alternative design.
Finally, Chapters 5 and 6 detail the comparative analysis of the two designs and sum up the
findings from the analysis. Much classroom and work experience was used to complete this
report, but the learning experience that was gained was immense. The connectedness of different
concentrations within Civil Engineering was a highlight of this project, as well as the integration

of new technologies into engineering and construction settings.
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Chapter 2 - Background

The background section discusses WPI’s need for a new Recreation Center and explains the
structural, project management, and the uses of technology in construction. The background
section further covers the current state of the WPI Recreation Center and the specific
technologies that were used throughout this project as an aid. The structural portion elaborates
on the potential alternative designs for the suspended track. The project management section
explains how the schedule and costs are used in the field of construction. Last, new

advancements in technology provide aid for both the structural and project management fields.

2.1 Recreation Center

Worcester Polytechnic Institute has a need for a new Recreation Center to serve the needs
of the general community on campus as well as the varsity sport teams. WPI is an active
community, and the current facilities do not meet the needs of the population they serve. WPI’s
current recreation facilities consist of Harrington Auditorium and Alumni Gym. WPI primarily
uses Harrington Auditorium, built in 1968, for varsity basketball games, and other gatherings
such as career fairs, guest speakers, Robotics competitions, and varsity practices. Due to the
large amount of space in Harrington Auditorium it is usually occupied by large events as
described above, thus there is little to no free time for the general community to use it for
recreation. Alumni Gym was built in 1916, and is currently out of date, but is used frequently by
the WPI community. Alumni Gym has a small basketball court with a suspended wooden track
around the upper level of the court. There is also a small swimming pool only 20 yards long and
a weight room that does not meet the needs of the WPI community. These spaces have been
over used for many years and with the increasing population of students, and employees at WPI,
the need to expand is highly overdue. The overlap of activities and competition for space

4
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reservations, along with the increasing student population have become large issues, and to
relieve some of the difficulty, the university has decided to construct a new Recreation Center.
Its main attractions are an Olympic-size pool, personal fitness area, and a multipurpose
gymnasium which includes four basketball courts, track and field accommodations, a suspended
track, and robotics pit.

This project specifically looks into levels four and five of the Recreation Center which
house the multipurpose basketball courts, the suspended track, and a long-span roofing system.
Each of these aspects has its own unique purpose which contributes a distinct and important
function to the center. The multipurpose basketball courts consist of two wood courts, with an
overlapping third, and two “Mondo” basketball courts that can accommodate practices for
varsity team sports including softball, baseball, and track. The suspended track is a three-lane

jogging track which is intended for indoor track practices and faculty and employee enjoyment.

2.2 Structural Evaluation

The design of constructed facilities involves many components and disciplines, and
structural engineering is one of the primary disciplines. Structural engineers strategically
determine the correct configurations, members, and members sizes of the structure to resist the
required loads while minimizing project costs. Their main objective is ensuring the structural
integrity of the building to withstand varying live and dead loads. These professional engineers
put their stamp of approval on the final design before it is built, assuming full responsibility for
structural performance and the accuracy of the structural drawings and specifications that guide

construction.
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2.2.1 Suspended Track System

The suspended track is located on the fifth level of the Recreation Center and the current
plans are represented in Figure 2 below. It is supported by vertical hangers that attach from the
roof truss to the outside edges of the track. The track surface is made up of a material called
“Mondo”. Mondo is a type of rubber flooring used for multipurpose athletic flooring (Harmon,
2011). The suspended track is designed for walking and jogging purposes only. Dana Harmon,
WPTI’s Director of Physical Education, Recreation, and Athletics, clarified that the track was not
made for excessive running but more for the lifestyle of the WPI community (Harmon, 2011).
The intent of the track was geared towards general recreation use which had an impact on its

design including the structural support system.

SN

g | %
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Figure 2: Current Suspended Track
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Support Systems

There are many different support systems that could be implemented into the Recreation
Center as an alternative design to the suspended track, and each alternative has unique qualities
that contribute to the reason for its installation. The building was designed to be visually
pleasing as well as functional. Various restrictions within the building apply when altering the
suspended track. Support systems can range from simple column supports as a sort of simple

post-and-beam system to complex trusses to cantilever beams.

Column Supports

Columns are commonly used support systems that can be beautifully decorated to match
the décor of a building. Structurally, columns are one of the most effective compression
members that can range in height, shape and width (ASDIP, 2011). Column members are
defined as vertical elements whose length is nominally larger than their width and are usually
composed of steel or concrete. Examining an efficient use of materials to reduce steel costs is
normally used in larger buildings because the larger loads associated with larger buildings and
the strength advantages associated with steel. If the columns are composed of steel, their shape
can range from W-shape to HSS-rectangular and even C-shape which can also be encased in
concrete for added strength and fire resistance (AISC, 2010).

Some advantages to using columns are their simplicity and the minimal amount of labor
required for their installation. Also, the various design shapes mentioned above make this
support system versatile and effective. Columns can also be easily hidden in walls or kept in the
open to maintain an ambiance. One major disadvantage to columns is the unavoidable

obstructions they present in large open spaces. They can obstruct viewing and/or pose a hazard
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to the flow of people when constructed in large areas such as swimming pools and basketball

courts.

Trusses

Trusses are an assortment of members strategically composed into a structurally sound
geometry to withstand a large amount of force. There are many different configurations that can
be used when designing a truss, and each arrangement has advantages for different loading types.
Also, when considering each configuration, the member geometry can be altered to compensate
for project-specific cases. Just like a column, a truss can be aesthetically constructed to match
the décor of a building, or it can be concealed behind ceilings or walls.

Some advantages to a truss are the large functional spaces, the use of small and lighter
members when constructed, and the ability to span long distances without intermediate support.
In some cases, the aesthetic appeal of a metal truss system can create a certain environment in a
building. The Recreation Center has a height restriction from the court floor to the ceiling
beneath the track and one major disadvantage of a truss is height of the structure. If the truss is
too large then the ceiling height beneath the track may not pass the required standards.
Additionally, the amount of labor associated with the construction of each individual truss can be
very costly especially when associated with a large project like WPI’s Recreation Center. The
investigation of a cantilever system, discussed below, has some of the same advantages of as
truss system, without introducing the disadvantages of a truss system, making it one of the most

reasonable alternatives.

Cantilever Beams
A cantilever beam is singular structural member that is anchored at only one end, and

extended outward to support a lateral or transverse force. Cantilevers can be composed of
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various sized beams chosen to be large and strong enough to support the track, yet small enough
to limit cost. They can also range in shape, from W-shape to HSS-rectangular, and even C-shape
similar to a column support. Cantilever beams can also be constructed with trusses and slabs, but
in this particular scenario we referenced simpler cantilever systems. Cantilever beams are
fabricated by a steel fabricator with specific measurements defined by a structural engineer so as
to support the specified area with the most strategic beam size.

The main advantage to implementing a cantilever system is its simplicity of design and
installation, and its ability to be concealed easily by walls and ceilings. Since this system is
mainly composed of a series of relatively large, thick beams, the cost of these beams may be a
large disadvantage. Another disadvantage of this system is the need to accommodate for fixed-
end moments in the supporting elements of the structure.

Knowing all the components of the possible alternative solutions for a problem such as
this is very beneficial. The best solution can be found when each choice is analyzed and
compared to the needs of the project. Table 1 below summarizes the attributes of each proposed
support system for the track. Other components to consider for the track other than the structural

design are the materials that make up the track which can increase the overall weight in design

load as well as alter the material cost.

Table 1: Track Support System Feasibility

Support System Utilizes Space Easily Concealed | Easily Installed | Cost Effective | Feasible
Suspension Yes Yes Yes Yes Yes
Columns No No Yes Yes No
Trusses Yes No No No No
Cantilever Yes Yes Yes Yes Yes
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Materials

One major component of our project and construction management in general, is the cost
analysis of all methods and materials used. When selecting materials it is crucial for the
designers to use the lowest costing materials without compromising structural integrity while
complying with all specifications. The current proposed track is composed of W10x19 girders
and W10x22 joists with three lanes of Mondo flooring, a railing to prevent users from injury, and
other basic materials used to encase the unit. The materials that are used in the current track
design could be carried over to the new proposed track, but an investigation into structural design

configuration as well as structural materials could provide some cost savings to the owner.

2.2.2 Long-Span Roofing System

The Recreation Center’s current roofing system involves a series of thirteen trusses
designed to support the suspended track, the roof deck, all the equipment on the roof, and all
variable live loads normally associated with building roofs such as snow load and wind load.
The existing design, which has been created by Cannon, the Architect on Record for WPI’s
Recreation Center Project, is presented in Figure 3. The current roofing system has been
designed by professionally licensed structural engineers to safely support all of the components
mentioned above, but if our project alters one component it may be necessary to reanalyze the
existing truss design to assess its adequacy. By altering the existing support system, the long-
span roofing system may become too heavy for the structural columns to support due to the
changes of the track design. It will be necessary to reanalyze these components to insure the

safety and integrity of the building.
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Figure 3: Cannon’s Structural Truss

2.2.3 Massachusetts Building Code

For every construction project and structural design there are a set of standards in place
and enforced by the Authority-Having-Jurisdiction to ensure safety. For the Commonwealth
Massachusetts, there is a state building code which is supplemented with the provisions from
International Building Code (IBC) (Mass.gov, 2011). The purpose of the IBC is to ensure safety
of buildings by setting limits on design values for the structure design (IBC, 2009). For this
project the code of record is the 7" Edition of the Massachusetts State Building Code (780

CMR), which is consistent with the actual project documents.

2.3 Project Management

Project Management is defined as the art and science of coordinating people, equipment,
materials, money and schedules to successfully complete a project (Oberlender, 2000). Many
owners find it difficult to manage construction projects because they don’t have the expertise, or
they don’t have the time to successfully oversee the entire construction process. For this reason,
owners seek help in construction management (CM) firms. CM firms specialize in project
management for all construction processes. CM firms can provide pre-construction services as
well as coordinate construction activities throughout the duration of the project. These firms

provide experience and knowledge that an owner may be lacking. The CM uses their expertise to
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help the owner throughout the design and construction of their building. Hiring a CM allows the
owner to be involved, but maintain their responsibilities outside of the project. The owner
remains involved through attending weekly project meetings and staying in contact with the
Project Manager from the CM firm. This allows them to stay in the loop and have the say that
they need for the end product to be favorable for them.

One type of CM that is chosen regularly is a CM-at-Risk. This is the case for the
Recreation Center. The term CM-at-Risk identifies that the CM is taking on the project at a
financial risk to them. If the CM-at-Risk approach is chosen, the profit for the CM is “at-risk” if
the final cost of the project is over budget. This aspect of the CM-at-Risk approach is discussed
further in a later section, Cost, that details a GMP contract. With a CM-at-Risk, all of the
subcontracts on the job have a contract that exists between the CM and the sub. If there was no
“at-risk” the contracts would be made between the owner and the subcontractors, placing the risk
on the owner not the CM. When there is not risk for the CM, they are simply working for a fee
and not assuming any risk in the project (Oberlender, 2000).

For the WPI Recreation Center, WPI, as the owner enlisted the help of Project Manager,
or PM in Cardinal Construction. They represent WPI as the liaison between the architect
(Cannon Design) and the chosen CM-at-Risk (Gilbane). WPI does not always choose to use a
CM-at-Risk for construction projects, but they chose to execute the Recreation Center in this
manner for many reasons. One of which was that Cardinal has expertise in construction that very
few, if any, WPI employees have. Also, there is no one on the WPI staff that has the necessary
time to devote to fully managing a construction project. If an employee were to take on this
responsibility, they would have to drop all other responsibilities that they normally have. WPI

has appointed a representative within its staff in the Department of Facilities to oversee the
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project. For the Recreation Center, WPI chose Mr. Alfredo DiMauro to be the contact point for
the Department of Facilities. He works with other operations managers to add their input and
oversee the construction on behalf of the campus. All of these professionals come together to
successfully bring the product that the campus is expecting at the end of construction. In order to
create a successful product, project meetings are held weekly to keep all parties on the same page
and guarantee that every party is updated on the progress of the project. These meetings are
crucial for communication between parties during the pre-construction and construction
processes. These meetings were attended by members of the group throughout the MQP and
gave insight to how the schedule and cost aspects of project management are integrated into a

project.

2.3.1 Schedule

Scheduling is one of the most important functions related to project management. When a
project is contracted to a CM firm, a completion date is set. For a CM-at-Risk, this completion
date is a contracted date that corresponds with the “at-risk” responsibilities. Maintaining a
schedule through constant updates ensures that the completion date is always in sight for the CM.
A schedule ensures the completion date is achievable from the first schedule that is made on the
job. The initial schedule created on the job is important for setting goals and placing realistic
guidelines on the schedule as a whole.

Gilbane completes what is called a “card trick” to make an initial project schedule with
the input of all or most of the subcontractors. In this method of creating an overall schedule, a
representative from each subcontractor is present so that every party can create the schedule
together. Most subcontractors will send a representative to speak on behalf of their scope of

work. This allows for everyone to be in the same room and visually see how the schedule is
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going together. It gives each construction trade an opportunity to have an input. This helps to
avoid coordination problems in the future because many potential problems and conflicts are
recognized and handled at the very beginning. This also helps all parties to be involved very
early in the project and “buy into” creating a successful project because they are putting their
own feedback into the process.

Most CM firms, including Gilbane, have an employee who is dedicated solely to keeping
track of the schedule to ensure it is up to date during the construction process. It is that person’s
job to make sure that the schedule constantly reflects what has already happened in the field, as
well as portray an accurate projection of what is going to happen in the immediate and distant
future, based on the information they have been given. Each subcontractor submits their own
schedule, and it is the job of the CM to input that individual schedule into the master schedule.
Subcontractors and CMs also have regular meetings during the progress of the project to discuss
what is happening in the field and what they expect to happen; this also helps to keep the
schedule up to date. It is the job of the scheduler to sort through the schedule to ensure that the
precedence of different activities is properly entered in the software. When the project gets
moving, the scheduler continuously updates the schedule and reviews its logic to help guide the
project to successful completion. In the case of the Recreation Center, Gilbane’s scheduler
updates the schedule monthly. He gathers information from the members of the project team that
are on-site every day and updates the schedule based on the information he receives from them
(Salazar, 2011).

There are many different software programs that can be used to create a schedule, but
Primavera is one of the most commonly used to create a Critical Path Method based schedule

(The Bright Hub, 2011). Primavera is capable of tracking all the important aspects of a schedule

14



WPI Recreation Center

mentioned above, such as duration to each activity, a cost, as well as the relationships between
two or more activities. Primavera can track different aspects of the project besides schedule,
such as cost, contracts, risk management and document control items. It can do all of these tasks
own its own, but also through the integration with other programs such as E-business Suite and
JD Edwards Enterprise One (Oracle, 2011). For contracts, it can track the contract summary to
date, change orders, and payment processing rates. Pertaining to risk management, the software
can calculate confidence levels based on pitfalls commonly associated with the activities within
the schedule and predefined risk factors that are incorporated in the software. For document
control, it can help monitor communication processes such as RFI and submittal turnaround
rates, the number of issues resolved and unresolved, and different actions that must be taken to
keep the schedule on time (Oracle, 2011). Because of all the benefits that Primavera has to offer,
it is widely used.

An example of a Primavera schedule can be seen below in Figure 4 (Gilbane, 2011). It is
only one portion of a larger schedule. Also, it should be noted that past activities are not shown
on this schedule because Gilbane shows only current and future activities when they present a
schedule. On the left side of this figure is the list of activities. The activities are broken down by
different scopes of work (Design and Engineering, Procurement, Sitework, etc.). On the right
side of the figure, the duration of each activity is displayed by a horizontal bar that relates to the
date the work will be starting on the top of the screen. Red activities are critical path items and
green bars denote all other activities. One more item that can be identified in the figure is the
vertical blue line that is running through the right side of the figure. This vertical blue line
represents the current date. The presence of this vertical blue line helps each person who views

the schedule to comprehend where the project currently stands.
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Figure 4: Primavera Schedule for Recreation Center (Gilbane, 2011)

Many schedules are created using the Critical Path Method (CPM). The CPM identifies a
chain of connected activities within a schedule that have zero float time. Two float definitions
are important for the scope of this project: total float and zero float. Total float is number of days
that an individual activity can be delayed without affecting the final completion date of a project.
When the total float of an activity is exceeded, the activity has the potential to become a critical
activity and affect the overall schedule because it will have zero float (Oberlender, 2000).
Quantifying and monitoring float values are important to avoid creating unnecessary critical
items, especially total float.

In order for the project to complete on time, the critical activities must finish on time. If
these activities do not get completed on time, the completion date will be pushed out
(Oberlender, 2000). An example of this can be found in the figures below. Figure 5 displays a

schedule that was created in November 2010. In this figure, it is clear that the mobilization for
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the squash and racquetball courts, activity 2346 “Fab/Del — Squash Racquetball Courts” is set for
November/December 2010. In this schedule, the mobilization and the succeeding activities are
not critical. Activity 2346 is a green bar, which is called an Early Bar. This indicates that the
dates shown in Figure 5 are the earliest that these activities will begin. In reality, they could
begin later, due to their float time, and still finish without impacting the overall schedule. Also,
this schedule displays the precedence relationships that have been established between the
activities. In the column labeled “Successors,” numbers are displayed for each activity in the
respective row, these numbers represent other activities in the schedule that are going to succeed

the activity whose row they are in.
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Figure 5: November 2010 Schedule (Gilbane, 2011)

Figure 6 displays a schedule that was created in August 2011. At the top of this figure,

the schedules regarding the squash and racquetball courts are displayed. These activities were
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pushed until August 2011, and this made activity 2346, as well as the other activities regarding
the courts critical path activities. Critical path items are displayed in red; both
“Fabrication/Delivery — Squash/Racquetball Courts” (2346) and “Field Measurements of

Squash/Racquetball courts™ (2345) are critical activities.
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Figure 6: August 2011 Schedule (Gilbane, 2011)

In Figure 7 below, the critical path for the Recreation Center can be seen. This is the
critical path for the completion of the pool only. The complete critical path schedule shows a
much longer critical path for the entirety of the project. The length of the project is about two
years (May 2010 — April 2012), therefore only one portion of the critical path could be captured

in Figure 7. The schedule is consistently updated to reflect the current construction that is

18



occuring in the field. This ensures the CM and the owner that the critical path is still on track for

the final completion date.
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Figure 7: Critical Path for the Pool (Gilbane, 2011)

In the case of the Recreation Center, the Critical Path, as well as the completion date are

both very important items. Because this is a WPI project, it must be completed in a timely

manner for many reasons. First, the school has promised its faculty, staff, and students that the

facility would be done by a certain time, Fall 2012. Not only is the community waiting for the

building, but they are also awaiting the restoration of the Quad. The Quad is the heart of many

student activites, as well as a space for Commencement, one of the most important activities

every year on the campus. Another reason, is that the Recreation Center is intended to be a major

selling point for the Admissions Office. As soon as it is completed, the actual building and its

amenitites can be displayed to incoming students. There is also the added benefit that when the

Quad is restored this area of the campus will be more asthetically pleasing than the current

conditions. Once the importance of scheduling in project management and for the Recreation
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Center specifically was researched, it was important to understand how cost impacts project

management.

2.3.2 Cost

The initial construction cost of a project is determined by the bid that is submitted by the
Construction Manager. For the Recreation Center, a Guaranteed Maximum Price (GMP) contract
is in place. In this type of contract, a CM-at-risk agrees to a fixed completion date, as well as a
maximum price for the completed project. As previously mentioned, the CM will not make a
profit if they go over the contracted budget; they will pay the extra expenses out of pocket
(Oberlender, 2000).

In many situations, to guarantee that the contracted completion date is kept, an owner will
have liquidated damages written into the contract. Liquidated damages are the price that the CM
must pay for every day the project does not meet a milestone on time or the specified completion
date. This is another way for the CM-at-Risk to assume risk for the project (Allen, 1995). For the
Recreation Center, liquidated damages are not involved even though Gilbane is contracted as a
CM-at-Risk (Salazar, 2011).

A GMP can be created prior to receiving subcontractor bids or after. For the Recreation
Center, Gilbane chose to establish the GMP after awarding the subcontractor bids (Salazar,
2012). With this choice, the GMP is more accurate because the contractor has the advantage of
knowing specific pricing on each of the trade packages. Because of the accuracy of the GMP,
less contingency will be added to the overall cost because there should be very few imperfections
because the pricing for all of the subcontractor packages is known (Oberlender, 2000). For the
Recreation Center, as of winter 2011, there were 36 awarded packages in place. With a project of

this magnitude, most packages are awarded as early as possible, but some are not awarded until
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later in the process. This can be because they are not critical to award immediately, or additional

scopes of work were deemed necessary by the owner later in the project.

2.4 Computer-Aided Engineering

Computer-aided engineering is a practice dependent on using a computer to build, design,
model, simulate and analyze engineering projects. Computer-aided engineering has been around
since the 1950’s, but is still gaining popularity as an application in the construction and design
fields. Over the years, the technology has been developed for many different types of fields and
specially designed programs that tailor to a specific trade. A major leader in the development of
these programs is Autodesk (Autodesk Inc., 2011). Autodesk is a company that makes over 50
programs that manufacturing, architecture, building, construction, and media and entertainment
industries use (Autodesk, 2011). Autodesk’s programs are very popular today due to the open
application programming interface (API), which allows easy file sharing between Autodesk
products; file share is great for the construction field where many different people are involved

in one project.

2.4.1  Robot Structural Analysis

Among the many types of programs Autodesk offers, Autodesk Robot Structural Analysis
is used by structural engineers to aid in the analysis of buildings. “Autodesk Robot Structural
Analysis (Robot) is a single integrated program used for modeling, analyzing and designing
various types of structures. The program allows users to create structural models, to carry out
structural analysis, to verify obtained results, to perform code check calculations of structural
members and to prepare documentation for a calculated and designed structure” (Autodesk Robot
Structural Analysis - Getting Started Guide, 2010). Robot uses an open API which allows the

files created in Robot to be transferred to other programs such as Autodesk Revit Structures,
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another open API program. Autodesk Revit Structures is a part of the Revit platform for

Building Information Modeling.

2.4.2 Building Information Modeling (BIM)

Building Information Modeling, more commonly known as BIM, is “an electronic
representation of a facility for the purpose of design, analysis, construction and operation”
(Klancnik, 2009). Companies use 3D modeling software such as Autodesk Revit and
Navisworks, to create and/or review their BIM models. Some companies create the models
themselves using Autodesk Revit, others may receive a model made by another company and
they use Navisworks to review and coordinate the building. The 3D geometric models are
combined with additional information, such as time or money, to create the most unique
applications of BIM. The idea of trying to use computer-generated isometric objects in
construction is not new. The first three-axis computer models were constructed in the 1950s
(Klancnik, 2009). At this time there was no practical software for these models to have any sort
of everyday value. Today, BIM is the most popular construction management and design tool on
the rise. In the 2009, SmartMarket reported the percentage of projects using an aspect of BIM in
construction went from 28% in 2007 to 48% in 2009 (Klancnik, 2009). The same report
concluded that the number of U.S. contractors using BIM has almost quadrupled over that same
time period.

BIM continues to grow because its greatest asset is that it can be used within all phases of
construction. It is not another program that is specialized just for contractors, or just for
architects, or engineers. Figure 8 shows how BIM can be used by the owners, the architects,

engineers, contractors, and sub-contractors, all putting in their own information and detail into
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the model so that it becomes an overarching work environment that can lead to improved

accuracy of information and increased construction efficiency.

Figure 8: BIM Contribution Breakdown (Partridge, 2011)

BIM does not change the roles of the players within the project team, but it plays a
significant role in coordinating the different trades to avoid any conflicts found in the proposed
design ahead of time. Initially, it takes a lot of work to set up the BIM model with all the
different information, but when done correctly it gets everyone on the same page so that
coordination problems can be solved ahead of time.

When issues are found in a project and an alternate design may be needed, BIM helps cut
down on the time it takes to propose and evaluate options. Designers can more easily propose an
alternative design and instantly see how it fits into the construction and assess its impact on the
rest of the building. The builders can quickly look at the proposed change and takeoff quantities
for the materials and the man power required to build the new detail. Then the contractor can

quickly access all the information provided and generate a cost estimate for the proposed change,
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and investigate how it will affect the schedule of the project. In the case of the WPI Recreation
Center, the BIM model is used mostly for visualizations of how the building will come together.

In our project, the team will use the model for structural, cost, and schedule analysis.

Uses in Project Management

Because BIM is still relatively new, not all companies are fully functional with BIM. Its
usage is still growing and on most jobs in 2011, it can be found that the BIM model is used as a
tool mostly by the construction managers (Klancnik, 2009). As of now the major uses of BIM for
general contractors are visualization, coordination, 4D models, and 5D models (Klancnik, 2009).
It is not yet to a point where the structural and mechanical engineers update their portion of the
model, and the sub-contractors update their portions so that the model works as a tool to
integrate the work of everyone. As its usage continues, BIM is expected to reach that potential in
the coming years.

Visualizations are one of the main uses for BIM because they provide an easy way for
everyone to get on the same page on a conflict or concern. Sometimes the 2D drawings do not
depict or show an issue that may be in the field, or maybe the owner is not as familiar with the
drawings as everyone else. When the issue is investigated using BIM, anyone who was looking
at the building for the first time would easily be able to understand what they were looking at and
what the issue maybe. This type of clarity can cut down on the amount of time that an issue may
be debated; thereby, cutting down on meeting times significantly.

Coordination is another major use of BIM by general contractors. Coordination can be
between trades, or even the coordination of the job site. At the beginning of a project,
coordinating how the job site will be set up is always a big concern. This is because there are

property lines to deal with, along with making sure material deliveries are possible, and many
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other coordination issues that the owner will have questions about. With BIM the site plan can be
clearly demonstrated to everyone, including the location of the trailers, materials storage, and
how material deliveries will be made, etc. It is a great way to clarify the set-up of the site, or how
the building should be orientated on the property. For example, Figure 9 shows a site plan that

lays out the locations for the cranes, trailers, dumpsters, gates, etc.

Figure 9: BIM Site Plan (Knutson, 2011)

Coordination between the different subcontractors is another current use of BIM by
general contractors. A report can be run within BIM that detects any and all interferences
between the geometric shapes. A perfect example is laid out in the Contractor’s Guide to BIM
where there might be an interference with the way the plumbing and HVAC equipment is
supposed to be installed (Klancnik, 2009). With BIM, the plumbing and HVAC sub-contractors
can be shown the issue through the model and use the model to propose a new design on how to

install the equipment. Figure 10 shows the conflict between the proposed location of the purple

25



WPI Recreation Center

pipe, and that of the grey hangars for the red conduit. Any type of interference like this can be

found early on in the project with the use of BIM.

Figure 10: Interface Detections (Hope, 2010)

Without BIM, this issue may not have been discovered until the materials were on site
and ready to be installed; therefore, causing a delay in the project as well as a potential change
order. For the Recreation Center, BIM is not a contractual requirement. Cannon provided a BIM
model with no contractual ties in it to Gilbane. Gilbane then refined the model so that they could
use it as clash detection for the mechanical, electrical, and fire protection trades.

4D and 5D models are the most current uses for BIM by general contractors. The most
popular and practical model is the 4D model. The 4D model consists of taking the 3D model and
adding in the element of time. The 4D model works by importing the project schedule into the
3D model. Combining the schedule and the model, causes the sequence of activities from the
schedule to be linked to corresponding portions of the 3D model. This is a good tool for
visualizing the progress of a building over time, as well as, exploring the effect on the schedule
when a certain area of work is delayed or changed. A 5D model is created by expanding the 4D

model by adding the element of cost. Currently, this method is not used as frequently because the
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types of estimating software that are used are not compatible with BIM. The advantages of this
method in the future will be the ability to quickly assess the impact to the schedule and cost
when an area of work is changed. This will help to more accurately project the end date and final
cost of each project. In the project, our team will be using the WPI Recreation Center model and
schedule to create a 4D model that shows the existing and new design. The group will also look
into the feasibility of creating a 5D model by adding the costs of the new and existing track

designs.

Uses in Structural Engineering

Although BIM is primary used by construction managers, structural engineers are quickly
realizing its potential as well. BIM is enticing for engineers because it uses an object-oriented
programming paradigm (Nelson and Schinler, 2008). This means that the 3D model of the
structure possesses all the information and functionality of each of its members. For example it
contains information pertaining to its material, section properties, location in the building etc.
From a structural point of view BIM is used for coordination, documentation, analysis and
design.

Similar to project management, coordination of all the aspects of the project assists the
structural engineer as well. Coordination amongst the architects, structural, and mechanical
engineers results in better decision making based on actual and current designs. This
coordination also allows for better updating and changing between programs and designs. This
results in reducing time and conflicts because everyone is using the same model.

Documentation is the only aspect that the structural engineers have complete control over
because it is based on their work and analyses (Nelson and Schinler, 2008). Since the BIM model

can hold all the information and functionality of each member in the structure, it can easily be
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found all in one place. This makes documentation much easier because everything is in one file.
This kind of documentation is also good because if changes are made later in the project, the
changes are consistently applied to the entire design and documentation. However
documentation does have its flaws in BIM. Repeating members in a structure will be
documented individually, when traditionally usually a single drawing would have sufficed. Also,
many structural engineering firms take pride in the way they present their drawings, and BIM has

limits for the presentation of the drawings.
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Chapter 3 - Benchmarking the Current Design

A critical part of progressing forward to alternative design is to first understand the
existing design, and then modify from there. This chapter focuses on the uses of Revit to create a
model unique to this project’s needs, a baseline cost estimate both on the given information and
RS Means, a schedule of the existing design and a 4-D creation of the existing design through
BIM. All of these aspects give this project a fair understanding of the different dimensions of the

existing design which all start with the Revit Model.

3.1 Revit Model Creation of Existing Design

Revit was used to gain an understanding of the track structure and its relationship to the
Recreation Center, as well as provide a base for modeling and analyzing the alternative design.
Revit was initially used as a visual aid to assist the group during 2-D visual restriction. The
lengths and beam sizes that are mentioned in the structural plans were translated into Revit for a
3-D full visual aid. It was altered into an interactive representation that could be analyzed from
both structural and project management perspectives. The structural component of Revit allows
the structure to be transformed into an analytical model which can be analyzed in Robot.
Additionally, Revit has many components that supplement project management such as

scheduling and cost.

3.2 Creation of Baseline Cost Estimate Based on Given Information
In benchmarking the current design through a cost analysis, the ease of integration
between Revit and RS Means cost data was displayed. Revit readily provided the information that

was necessary to utilize the cost data provided by the RS Means book.
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Revit easily exported the existing track steel information into three different schedule
spreadsheets (steel framing, columns, and trusses). Revit was able to give the type of beam,
length in linear feet, and volume of each steel member. This information was used, in
congruence with the cost of the steel package provided by Gilbane to create a unit cost for the
steel (Gilbane, 2012). Complete Tables with all of this information can be seen in Appendix B:
Exported Information from Revit. Below, Figure 11 displays a step-by-step flowchart on the
process behind exporting the quantities from Revit. A more detailed document for extracting
information from Revit and placing it into an Excel spreadsheet for analysis can be seen in

Appendix C: How to Export Quantity “Schedules” From Revit.

‘/S/élect the View Té\b\\)
\ln the Revit Model/

sl

Select the
Schedule Button

v

From the
Dropdown Menu
Select “Schedules/
Quantities”

v

Select the Type of
Schedule

v

Choose the Fields
Required

_ v
‘/ Export the \\‘
“\ Schedule J

Figure 11: Flowchart for Exporting Schedules
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First, a baseline price was created from cost data for the actual project. Table 2 below
provides a breakdown of the total tonnage of steel as allocated to the columns, the framing, and
the roof trusses. Knowledge of the total steel package cost, obtained from a Gilbane project
meeting, and the total tonnage of steel allowed for the unit cost ($/ton) of steel to be determined.
This calculation is also summarized in Table 2. The tables with individual calculations to
determine the total quantities of steel columns, framing, and trusses, as referenced before, can be

found in Appendix B: Exported Information from Reuvit.

Table 2: Unit Cost Breakdown of Total Structural Steel

Quantities of Total Rec. Center
CF TONS
Structural Steel Columns 795.26 194.84
Structural Steel Framing 3,367.10 824.94
Structural Steel Trusses 610.00 149.45
TOTAL | 4,772.36 1,169.23

Cost
Structural Steel Contract ($) $ 3,497,809.00 (includes labor)

Cost/Ton $ 2,991.55 (includes labor)

After the unit cost of steel in $/ton was calculated for the entire building, information on
only the track steel was exported from Revit. In order to extract only the track information, a
separate Revit model was saved from the Cannon model by deleting all other steel elements in
the building except for the track steel. An estimate for the cost of the track steel was determined
by multiplying the tonnage of steel supporting the track by the unit cost of steel in $/ton. The

breakdown for this analysis can be seen in Table 3 below.
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Table 3: Unit Cost Breakdown of Track Steel

WPI Recreation Center

Quantities of Existing Track and Roof Design
CF TONS

Structural Steel Columns 201.16 49.28
Structural Steel Framing 300.57 73.64
Structural Steel Trusses 602.58 147.63

TOTAL | 1,104.31 270.56
Cost
Cost/Ton $ 2,991.55 | (includes labor)
Cost of Existing Track and Roof $ 809,381.65 | (includes labor)

After determining the cost of the track steel based on the actual total cost of the steel
package, the amount of steel exported had to be adjusted for to add welding to the trusses and
connections. These percentages were assumptions made from instructions from RS Means. RS
Means is fully discussed in the next section. Table 4 is a summary table of the adjusted estimate
with the additions of welded trusses and connections. The total cost of the existing track was

found to be approximately $922, 700.
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Table 4: Complete Estimate for Existing Design with Adjustments from RS Means

CF TONS
Structural Steel
Columns 201.16 49.28
Structural Steel Framing 300.57 73.64
Structural Steel Trusses 602.58 147.63
TOTAL 1,104.31 | 270.56
10% for connections 27.06
4% for welded trusses 10.82
TOTAL | (tons of steel) 308.43
Cost/Ton $ 2,991.55
Cost of Existing Track and Roof | § 922,695.08

When the original estimate was completed, a second estimate was prepared using a
quantity take-off and discrete cost data from RS Means (RS Means, 2009). Both estimates were

based on the model provided by Cannon.

3.3 Creation of Baseline Estimate Based on RS Means

For creating the cost estimates in this project, Gilbane provided baseline information that
was very useful because it provided the means to create unit costs for steel that were described in
the previous section. To complement the information given by Gilbane, RS Means was used as a
main resource used in creating the cost estimates for this project. The book provides up-to-date
cost data information. It also provides adjustments for different areas of the country if necessary.
It is a widely used estimating tool due to its diversity. It offers information in many different
sectors: home improvement, commercial construction, residential construction, facility
management, green construction, and educational construction (RS Means, 2012).

In the research process, RS Means was found to be a resource in many educational

papers: Why is Manhattan So Expensive? and Review of Current Estimating Capabilities of the
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3D BIM. It was also found as a reference in a U.S. Government document, Appendix B: Energy
and Construction Cost Estimates. The use of RS Means by many reliable sources made it a good

option for the cost estimate created in this project.

3.3.1 Estimate Process Based on Cost Data

The difference between RS Means and using the steel package price was that estimates
for line items such as steel connections, welding, and overhead and profit had to be made.
Instructions for all of these items were provided by first pages of RS Means, called “How to Use
the Unit Price Pages”, that fully detailed how to use the information provided in the book. Steel
Connections were added by applying 10% to the overall cost and welded trusses were accounted
for by applying 4% to the overall cost. Overhead and profit percentages had to be added
individually to each aspect of the project that was available to us (Material, Labor, and
Equipment). If an estimate for a real construction job were created, a much more detailed
overhead and profit adjustment would be made. Contractors can add overhead and profit to many
different areas individually. These areas include shop labor, field labor, engineering, office
support, material, and equipment (Turgeon, 2012). The estimate presented for this project did not
get this detailed given the scope of the project. A basic flowchart describing how the RS Means
cost data was used can be seen in Figure 12 below. A more detailed description of how the RS
Means text was interpreted can be seen in the step-by-step methodological description in

Appendix D: Example Using RS Means.
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Figure 12: Flowchart for the Use of RS Means

WPI Recreation Center

A numerical example showing how the latter part of the flow chart can be put in place

can be seen in Table 5 below. This table displays how each column member was accounted for,

as well as the addition for overhead and profit. The 10% is added for the material and equipment

is for overhead and profit only.
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Table 5: Estimate for Steel Columns Including Overhead and Profit

COLUMN COST BREAKDOWN
Labor Cost/Unit Total Labor Cost Material Cost Equégrsrzent

HSS1.900x0.120 | $ 7.82 | § 6,176.92 $ 481748 | $ 1,761.14
W12x120 $ 630 | $ 266.72 | $ 8,382.00 | $ 76.62
W12x152 $ 1.74 | $ 7358 | § 13,335.00 | § 80.86
W12x40 $ 587 | $ 34512 | $ 485375 | § 99.43
W12x53 $ 587 | % 1,231.86 $ 17,325.00 | § 354.90
W12x58 $ 587 | $ 16520 | $ 2,323.32 | § 47.59
W12x65 $ 5871 % 2,850.40 $ 40,088.12 | § 821.20
W12x72 $ 587 | $ 2,441.73 $ 34.340.62 | $ 703.46
W12x87 $ 619 | $ 26212 | $ 6,096.00 | $ 74.93
W12x96 $ 619 | $ 41899 | $ 9,744.00 | $ 119.77
Total $ 1423264 | $ 14130530 | $ 413991
O&P Add 10% Already Adjusted | § 15543582 | §  4,553.90

Total Cost of Columns $  174,222.36

Another add-on to the RS Means base estimate was inflation. This was added to the
estimate because the RS Means book that was used was 2009 based and the steel was erected in
2011, the two year difference had to be accounted for through inflation rates. Using the ENR-
CCI (Engineering News Record - Construction Cost Index), it was determined that the equivalent
inflation rate from 2009-2010 was 3.15%. This number has remained approximately constant for
the past 10 years (ENR, 2011). When taking the mentioned factors into account estimates for the
three individual categories of the steel were created and combined to create the total estimate.

Using the cost of the columns, steel framing, and trusses we determined our final steel
estimate to be $1,060, 400. This was a difference of 15% in comparison to the original estimate
of $922,700 that was based on the steel package submitted to Gilbane. The cause of variance in

the estimate could be due to many reasons. As stated before, many estimates on items such as
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connections and for welded trusses were assumed based on RS Means and are not exact. Also,
the adjustment for inflation may not be exact. The value of 3.15% was based on information
from ENR and is an equivalent value, not a value directly from 2009 to 2010 (ENR, 2012). To
adjust the cost for the two years from 2009 to 2011, we added (1.0315) The breakdown of our

final estimate can be seen in Table 6 below.

Table 6: Estimate of Existing Design Using RS Means

OUR ESTIMATE OF EXISTING
Our Estimate (no O&P) $ 905,526.37
10% for connections $ 90,552.64
4% for welded trusses $ 36,221.05
Total w/o Inflation $ 1,032,300.07
Total Cost of Our Estimate for Existing w/ Inflation $ 1,064,881.52
Error 15%

3.4 Schedule Investigation of Current Design

In order to help analyze the existing design and the alternative design two schedules of
the steel work were developed. One schedule was a baseline of the existing design and the other
was a schedule created to put a time frame to the alternative design. The first step was to develop
a schedule that involved only the track-area steel pertinent to the project. Because the project
only involves the columns, framing, and trusses that make up the track area of the Recreation
Center the entire Gilbane steel schedule involves more activities than are needed for the
investigation.

To develop the project-specific construction schedule the group started with the master
schedule of the entire project from August 2010 which was one of the project’s early projected

schedules. This schedule included anything that had not been completed from the current date
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until the end of the project. Activities ranged from site work, and concrete, to pool installation,
and floor finishes. Then, all the steel-specific activities were broken down to create an all-steel
Primavera schedule based on the August 2010 start and finish dates. To make the schedule more
accurate for the project, any steel activities that did not pertain to the columns, framing, or
trusses around the track were eliminated. This schedule illustrated roughly how long Gilbane had
originally estimated the track steel would take to be installed. Of course, as a project progresses
there can be changes to the schedule due to fabrication delays, weather delays, and slow
production, etc. The next step was to compare the actual time duration for erection of the track
steel to the August 2010 projection, to see if the installation took longer or went faster than they
originally suspected. WPI has used four webcams at four different locations around the
Recreation Center to monitor the progress. With access to these images a spreadsheet was

created involving four photos from each day that steel for the track area was being installed. A

screenshot of the assembled time lapse photo spreadsheet can be seen below in Figure 13.

21472011 . . 242001 [ — -~
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i
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Figure 13: Time-lapse Photos Spreadsheet
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These photos aided in determining when the steel actually started to be erected and when
it was finished. It also revealed the production rates per day of the columns, framing, and trusses
which was very beneficial for developing the schedule of the alternative design. On a second
spreadsheet the steel activities were broken down into five major activities and the quantity of
each type of steel installed on a given day was estimated and recorded. The five major activities

were trusses, bracing/framing, columns, track framing, and track cables (Table 7).

Table 7: Existing Production Breakdown

5 workers 7 workers 7 workers 7 workers
25 trusses 68 beams 36 columns 34 bays (inbetween columns)
[ Trusses on ground Trusses Bracing/Framing Columns Track Framing Track Cables Truss Bracing

23-Feb |2 trusses assembied on ground
24-Feb|2 trusses assembled on ground 12 columns installed
25-Feb |2 trusses assembled on ground 16 braces installed
26-Feb|
27-Feb
28-Feb

1-Mar|

2-Mar |2 trusses assembled on ground 3 trusses installed 6 braces installed 2 columns installed

3-Mar| 1 column installed 7 bays track framing installed Start cable install

4-Mar| 3 trusses installed 4 braces installed 1 column installed 2 bays track framing installed 1 each side

S5-Mar|

6-Mar|

7-Mar |3 trusses assembled on ground 2 bays track framing installed 1 each side

8-Mar |2 trusses assembled on ground 3 trusses installed 4 braces installed 2 columns installed 2 bays track framing installed 1 each side

9-Mar |2 trusses assembled on ground 2 trusses installed 4 braces installed 2 columns instafled 2 bays track framing installed 1 each side
10-Mar |2 trusses assembled on ground 2 trusses installed 4 braces installed 2 columns installed 2 bays track framing installed 1 each side
11-Mar |2 trusses assembled on ground 3 trusses installed 4 braces installed 2 columns installed
12-Mar
13-Mar
14-Mar |2 trusses assembled on ground
15-Mar 3 trusses installed 4 braces instafled 3 columns installed
16-Mar| 2 trusses assembled on ground 13 braces installed 9 column installed 2 bays track framing installed 1 each side
17-Mar |2 trusses assembled on ground 2 trusses installed 2 braces installed
18-Mar| 2 trusses installed 5 braces installed 2 bays track framing installed 1 each side
19-Mar| 2 trussas installed 2 braces installed
20-Mar |
21-Mar|
22-Mar| 2 bays track framing installed 1 each side Start Bracing Install
23-Mar| 11 bays track framing installed Finish cable install
24-Mar|
25-Mar|
26-Mar|
27-Mar|
28-Mar|
29-Mar|
30-Mar|
31-Mar|

1-Apr|

2-Apr

4-Apr]
5-&'

6-Apr| Finish Bracing Install
7-Apr]

This breakdown facilitated the creation of a project-specific Primavera schedule of the

elapsed time for the installation of the existing track steel (Figure 14).
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Activity ID Activity Name Original Duration | Start Finish | 2010 | 201
|—_December I January T February T Tiarch T Apri T Way
05 [ 12 [ 19 [ 26 [ 02 [ 09 [ 16 [ 23 [ 30 [ 06 [ 13 [ 20 [ 27 [ 06 ] 13 [ 20 [ 27 [03 [ 10 | 17 [ 24 |01 [ 08 [ 15
O6-Apr-T1 A, Stuctursl Steel

5245 FAB/DEL-STRCT. STLE 47| 07Dec-104  10Feb-11 4 10Feb-11 4

5255 ASSEMBLE TRUSSES OM GROUND 1/23Feb 114 17Mar11 4 17-Mar11 4

5265 INSTALL COLUMNS AREA B (TRACK LWL) 1/ 24Feb 114 16Mar11 4 16-Mar-11 A

5275 INSTALL FRAMING/BRACING FOR AREA B TRACK LvL 1/25Feb 114 19Mar11 4 E 19-Mar11 &

5295 INSTALL ROOF TRUSSES 17| 02Mar11 A 19Mar11 4 19Mar11 4

5300 INSTALL TRACK CABLES 1/03Mar11 A 23Mar11 4 I 2311 A

5305 INSTALL TRACK FRAMING 16| 07-Mar11 A | 25Mar-11 4 I 25 ar11 A

5310 INSTALL TRUSS RIDGE BRACING 13| 22Mar11 A 05Apr11 4 . (5-Apr-11 A

5350 TRACK STEEL COMPLETE AREA B o 06-Apr-114 4 TRACK STEEL COMPLETE AREAB

Figure 14: Existing Design Primavera Screenshot

The actual time it took to erect the steel for the track and the projected time were quite
similar. The difference between the two schedules was about one week’s time, the added length
was due to a couple lost days because of the amount of snow Worcester received in the early
months of 2011. Using the time lapse photos to compare the actual and projected construction
schedules helped to understand the process for installing the steel. Each truss was delivered in
two sections and assembled on the ground. The steel erectors started at one end by installing the
columns and bracing for two column bays. Once they erected and braced the two column bays,
they installed the trusses for one of the bays which included three trusses. They repeated this
process from one end to the other, making sure to have installed one more bay of columns and
bracing than trusses. Figure 15 shows the steel installation proceeding from the left to the right
by installing the columns and bracing first, then the trusses, and finally the track framing and

cables.
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Figure 15: Progress Photos

These photos were also beneficial because they provided a means to estimate the average
production per day for each piece of the steel structure. The most important production rate was
for the installation of the trusses. Trusses were the most important because they are the largest
steel members and none of the other steel in the track area could be installed until the trusses for
a bay were installed. The workers were able to install on average two trusses, four columns, and
six pieces of bracing per day. The workers could install up to eleven bays of lighter weight track
framing in a day. But because the rest of the construction could only complete one bay each day,
the workers only installed one bay of track framing and cables each day for consistency. In all,
the installation of the track area steel took six weeks, while the projected installation time

obtained from Gilbane’s schedule was five weeks.

3.5 Creation of 4-D BIM

Integrating the schedule into the BIM was necessary to create a 4-D model. This was
completed through “Phasing” within the Revit model. The process was learned from an MQP
completed in the previous academic year by Fournier et. al. We created four phases for the

existing design based on the percentage completed for the track area. Because the overall
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schedule was six weeks, screen shots were taken at one and a half weeks, three weeks, four and a
half weeks into the process, and final construction. The phases referred to 25%, 50%, 75% and
100% completion time-wise. Below, Table 8 breaks down each phase through different
components. It displays the phase, the date the phase is depicted on, and the completion

percentage of steel based on the tonnage that has been erected.

Table 8: Phase Breakdown Information

Breakdown by Phase
Phase Date Steel
% Complete Tonnage | % Complete
25% 3/7/2011 20.49 7.50%
50% 3/17/2011 | 109.44 40%
75% 3/27/2011 | 179.82 66%
100% 4/6/2011 | 270.56 100%

Figure 16 shown below is the track at 25% completion. The percentages were based on
the timing of the schedule. This figure is shown on 3/7/2011, 25% complete schedule wise. At
this 25% schedule mark, there was 20.49 tons of steel completed. That is only 7.5% complete in
terms of steel tonnage. This could be due to many things: weather, holds on certain parts of the
steel, among other reasons. Figure 16 depicts the beginning stages of the track construction on

the Morgan side of the building.
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Figure 16: Phase 1 - 25% of Track Complete

When the schedule is 50% complete, there is much more steel up. Figure 17 below shows
the progression at 50% complete. There are many more trusses erected, as well as 3 complete
column spans. At 50% done, this Phase has 109.44 tons erected. That is about 37% more steel

erected than Phase | and 40.44% of the total track steel, work-wise. Phase Il is depicted on

3/17/2011.
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Figure 17: Phase 2 - 50% of Track Complete

Figure 18 is Phase 3 — 75% complete. At 75% complete, it is visible that the track is very
close to completion. At this point in time, there are 179.82 tons of steel erected. This is only 34%

from completion in terms of work.

Figure 18: Phase 3 - 75% of Track Complete
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The final phase is named “New Construction.” For the steel work, this phase includes the
remaining 33% of steel erected. It is in this time period that the remaining columns and track

framing are completed. This can be seen in Figure 19 below.

-
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Figure 19: Final Construction Phase of Existing Track

The tonnage of the steel from each phase was determined by filtering the schedule
information. This included a few additional steps in Revit. The steps for this process are also
included in Appendix C: How to Export Quantity “Schedules” From Revit. Creating the 4-D
model was the last step in the benchmarking of the existing design. At this point, the next step of

the MQP, to create and analyze the alternative design could begin.
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Chapter 4 - Alternate Designs

Once the existing track had been investigated thoroughly, and alternative track design can
be proposed. The following chapter goes into the detail of how the alternative track was created
through the structural evaluation, the cost development, and schedule formation. There were two
alternatives attempted through this project; the cantilever approach and simple beam approach.
Both of these designs were based off of the existing design with the elimination of the hanging

supports.

4.1 Structural Evaluation

The structural evaluation of the alternative design tested two different approaches. Each
approach eliminated the hanging supports on the inner side of the track. The first approach
considered using cantilever beams that spanned perpendicular to the outer wall beams and inner
beams of the track. This method did not work because in order for the cantilevers to have enough
moment resistance, they exceeded the height restriction of 44”, which then became an issue for
head clearance on the fourth level (gym floor). This inspired our second approach of changing
every other perpendicular cantilever beam to a simply supported beam. To facilitate this change,
the lengths of the inner beams were extended to span the same length as the outer beams or
girders. This approach did not eliminate the cantilever beams all together, it merely reduced
their number because substituting simple beam configurations for cantilever configurations
dispersed the loading across the track and allowed the cantilevers to have a smaller member size.
These two approaches were investigated through the use of spreadsheets and hand calculations.
However another component of each analysis used Robot as a computer-aided design resource to

solve indeterminate equations and gauge approximate results for the hand calculations.
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4.1.1 Existing Design Criteria & Adjustments

During the calculation phase of the alternative design some alterations were made to the
member design process such as the loading scheme, change to the construction load, and minor
alterations to the beam lengths and design. In addition to these design alterations, there is a
labeling system to the orientation of the project. Through the remainder of this project, the
Recreation Center is broken down to different components and each section has certain labels.
Instead of referencing the direction of each building, this project labels each side by the major
landmarks associated with each direction. For example, the West side of the building is next to
Football field, so throughout this project, the West side is also known as the Football side.
Additional references associated with the directions of the Recreation Center are the Softball side
(North), Quad side (East) and Morgan side (South).

As previously stated, the track system consists of steel beams that support metal decking,
a concrete slab, and various sections of conduit piping for MEP (Mechanical, Electrical,
Plumbing) systems. All of these loads must be incorporated into the factored design loads for
the beam which determine the beam’s required strength and resulting size. In order to insure that
the dead and live loads were properly accounted for, a conservative approach was used. A design
strategy was adopted that if one beam were to fail, then the loads would still be supported by the
other beams within the area of the failure. This was achieved by creating loading schemes for
each section of the track. For example, Figure 20 below shows the loading scheme for the
straight away section of track along the wall of the Recreation Center facing the football field.
The end beams were designed to support half the tributary area of the various loads applied, and

these beams were designed first.
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Figure 20: Girder loading scheme across tributary width (Football Side)

Next the middle beams were designed to support the tributary area on either side of the
beam. The middle beams not only support the various dead and live loads across their tributary
width, but also the pick up the loading from the end beam. Figure 21 is an example of the
loading scheme of the one of the girders located between the columns on the Football side of the
track. When the loading of the girders were calculated, they were designed to support half the
tributary area of the track floor, as well as the middle beam’s reaction and the reactions from the

beams on the other side of the track, if any where present.

48



WPI Recreation Center

L BEAM

ST EEEE REAGTIONS
I A RO
¥ & |
e \\ | :
5 W Lo
= Wy
\\ \\\\:}f\‘ ¥ 1 ‘
o ||
\ >N i\j\‘
e 5 W LN
b S W ]
¥ SRR

Figure 21: Girder Loading on Football Side of Track

The Quad side of the track is similar to Figure 21, but had beams attached to both sides of the
girder. In this scenario, the reactions due to the beams on the other side of the track were
calculated using factored loads to ensure that the girder would not only sustain the track loadings
but also the other side if needed. The rest of the loading schemes can be seen in Appendix E:
Loading Schemes.

The track framing was designed for different deflections including strength and
deflection performance during construction. Typically the construction load is assumed to be 20
psf due to the workers and equipment, but because the track is a limited area, the construction
load was decreased to 10 psf. It is a safe assumption because it was not possible to
accommodate a large number of workers and equipment within the allotted space.

These design criteria and adjustments created a foundation for the track design for the
alternative approach. Due to the fact that the alternative design does not have the hanging

supports, some alterations to the beam lengths and layout geometry were necessary. The first
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attempt at an alternative design was a cantilever based model with strengthened beams

perpendicular to the track.

4.1.2 Alternative Design — Cantilever Approach

The first attempt at an alternative design was a cantilever method with the same
configuration as the existing design, but without the hanging supports. Figure 22 represents a 3
dimensional view of the design and Figure 23 represents the framing plans of the cantilever
method. In order to compensate for the lack of hanging supports, recalculations of the

supporting beams were made to sustain the new added weight.

Figure 22: Cantilever Approach (Trusses Omitted)
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Figure 23: Framing Plans of Cantilever Method
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This new alternative created 11°8” cantilevers spaced every 9’ 8” in which each
cantilever took on a large moment force from the various forces acting on the member. It was
soon discovered that these cantilevers created too much moment and their respective depths
would be a hazard to head clearance on the basketball courts. Table 9 below shows some of the
member sizes of the various beams of the first attempt. The calculations for this method can be

found in Appendix G: Cantilever Method Calculations.

Table 9: Cantilever Approach Member Sizes and Forces for Football Side

Member Sizes (Football Side)

Beam Type | Beam Size | Force (k) | Moment (ft.k)
End W10x12 0.012 0.14
Cantilever W21x44 10.32 482.51
Girder W18x40 22.96 268.37

There were not any W-shaped beams that could withstand its specified moment as well as
fall within the 44” height restriction, which meant a rounded HSS beam would have to be used.
The substitution of a rounded beam would also not work in this scenario because that type of
beam could not support the various vertical live and dead loads associated with the track. All of
these findings pointed in one direction, to reconfigure the alternative design by minimizing our

cantilevers and moment reactions.

4.1.3 Alternative Design — Simple Beam Approach

The second design that was attempted was a modified version of the Cantilever
Approach. It was modified by alternating the cantilevers to a simply supported beam. Figure 24
represents the framing plans of the Beam approach and Figure 25 represents a 3D Revit model of
the framing plans. The simply supported beams were located at the mid-span of each girder and
end beams. The end beams were combined to form a longer beam, the same length as the girder

it is parallel to. This eliminated the moment on the girders from the original cantilever design.
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Figure 24: Framing Plans of Beam Approach Alternative Design
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Figure 25: Revit Model of Beam Approach Alternative

The calculations for the process were done through hand calculations, spreadsheets, and Robot
Structural Analysis. The hand calculations, located in Appendix H: Simple Beam Approach
Hand Calculations were used to show an example of each type of beam calculated with the
spreadsheets. The spreadsheets were used to simplify the timely process of writing out the
procedure used to design the beams. The spreadsheets also allowed for quicker checks of
member selection and calculations, these can be seen in Appendix I: Simple Beam Approach
Spreadsheet Calculations. Robot was used to calculate reactions for fixed end beams, as well as
member verification of selected beams. These specific uses of Robot are detailed in the next
section. Each Robot function used was checked with hand calculations or spreadsheets to verify

the accuracy of the operation.
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4.1.4 Robot, Structural Analysis Program

Robot was used as a computer-aided engineering tool throughout this project. Prior to the
start of the project, no group member had ever used this program before, and so the scope of
work included gaining familiarity with the use of Robot for structural modeling and analysis.
This learning process involved reading the user guide, watching videos online, and working with
the help function within the program. These initial resources were a good starting point but did
not provide the in-depth instructions of what the group felt was necessary to use the program for
their project. These established resources gave more of a general overview of individual
functions but didn’t relate the functions together. Instead a trial and error process or “playing
around” with the program was relied upon to gain insight into the relationships and interactions
between two or more functions. This interactive learning method proved to be more effective
than searching for guidance from established resources. The outcomes of the process are detailed
in the below paragraphs and shown in the Appendix M: Creating a Simply Supported Beam in
Robot, through Appendix O: Steel Design as tutorials.

After gaining a general understanding of some specific functions the group was able to
use Robot throughout the project. Some of the main functions the group used were solving
indeterminate structures, verifying that an appropriate steel member was being used for non-
composite beams, and modeling structural members in 2-D or 3-D.

Originally it was thought to transfer the Revit model for the alternative track design that
was created by the group, into Robot; however this translation of information proved to be
problematic. Due to the limited knowledge about Robot, the group was unable to make sense of
how to make use of the transferred structure in Robot. The interoperability with Revit Structures
and Robot worked correctly, however once in Robot, it was confusing of how to proceed with the

model. Because the design was complex, it was difficult to accomplish the desired tasks through
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a trial and error process. In order to make use of the program, the group decided to explore some
specific uses Robot as a learning tool.

The simplest model to use in Robot was when only one beam was transferred. This was
tested by transferring beams, a combination of beams, and larger combinations of beams from
the Revit model to Robot. Once in Robot, one beam was easier to work with due to the simplicity
of having only one beam. From this point the group only used one beam at a time in the program.
By only using one beam, the group could control the unknown variables of the program better. A
disadvantage of only using a one beam model, the group had to create much more models than if
all the members were combined into a frame design. Future users should experiment using a
frame design with multiple members, to reduce the amount of models needed. Robot also has a
function to allow the user to build and create beams in Robot itself. This proved to be easier
when using Robot because the program only allows transfers from Revit if the programs are
linked together. The group found it easier to create the model in Robot to ensure it was the right
dimensions and maintained the correct properties. An example of how to build a beam and
control the properties can be seen in Appendix M: Creating a Simply Supported Beam in Robot.

After learning how to build a beam in Robot, different loading schemes were applied to
solve for the reactions, deflections, displacements, stresses, and forces. These features were
useful when solving for the reactions of the girders. The girders were fixed at both ends making
them indeterminate structures, which if solved by hand would be timely and complex. With the
use of Robot it was simply a matter of applying the correct loading schemes and clicking a few
buttons. Appendix N: Loading Schemes and Results illustrates the application of applying
different loading schemes to a beam. This function was used for solving the indeterminate

structures for the alternative design, for example the girders. To make sure Robot was correctly
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determining the reactions and that the group understood how to apply the loads correctly, a
simple model was tested both with hand calculations and Robot. This can be seen Appendix K:
Comparison of Girder Reactions in Robot and by Hand Calculations. All the girder reactions can
be seen in Appendix L: Girder Reactions.

Once the loads were applied to a beam it was analyzed as a non-composite beam to check
for an appropriate beam size. This was done using the Steel Design layout. Steel Design is a
function in Robot, which can be used to check appropriate beam sizes. This function offers two
different calculation methods LRFD and ASD that can be combined with alternative verification
methods, like flexure, compression, and shear. For this project LRFD was chosen as the
verification method for all beams. Originally the group wanted to use Robot to use the Steel
Design function for all the beams in the structure; however based off the research and literature
available this idea proved to be unsuccessful because the group was unable to find the process to
model this type of beam necessary for composite action. The Steel Design function was only
used for the cantilever middle beams because they are non-composite beams. An example of
how to use the Steel Design function in Robot can be seen in Appendix O. To make sure the
group understood how to interpret the Results of the Steel Design function, they compared the
Robot results to hand calculations. This also helped to understand how the Results are portrayed,
by comparing the different sets of calculations. This comparison can be seen in Appendix J:
Comparison of Steel Design in Robot and by Hand Calculations.

The comparison of the Robot analyses and hand calculations in Appendix K: Comparison
of Girder Reactions in Robot and by Hand Calculations and Appendix J: Comparison of Steel
Design in Robot and by Hand Calculations may show some small discrepancies. These

discrepancies are caused by rounding numbers at different stages of the calculation process. In
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Robot, the load table only displays loads and lengths up to two decimal places. If three or more
decimal places are entered, the table will automatically round to display only two decimal places.
Versus when calculating by hand the decimal places could be more causing the resulting
numbers to differ.

Using the specific functions mentioned in the above paragraphs, Robot has demonstrated
some of its powerful capabilities and why it would be a favorable tool for engineers. The first
comparison can be made with time. The time it takes Robot to analysis loads or steel design is
much shorter than human calculations. This is favorable because when working with large
structures, this could save the engineer countless hours of “crunching numbers”. It also decreases
the amount of human error possible. Also because Robot has standard sections of members and
properties stored in its database, it also saves time by limiting the need to look up values in the
AISC Manual. If a specific property of a beam was needed, the right panel displays all the
section properties information, making it more convenient. Robot also increases the modes of

communication between group members because of its ability to model in 2-D and 3-D.

4.1.5 Column Design

The columns in the alternative design were grouped into two different categories. One
category was all the columns surrounding the track that were part of the braced frame and resist
lateral and gravity loads. The other category was the remaining columns around the track that
only resist gravity loads. Each category was designed to support both axial and bending forces.
This investigation studied the existing columns sizes for the effects of the alternative design of
the track system. The columns were found be sufficient for the alternative design.

The columns resisting lateral and gravity were considered braced frames consisting of

two columns with a diagonal bracing connecting them, shown in Figure 26.
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Figure 26: Braced Frame

There were ten total braced frame systems for the track level sides. The football, Morgan,
and softball sides all contained two frames, while the Quad side has four braced frames along the
track. These frames were designed using an approximation method for second-order P-A effects
because of the lateral transition due to the wind and earthquake forces. The method used was the
Effective Length Method. This method takes into consideration magnification effects for sway
and no sway conditions by using modifiers B1 and B2. Table 10 below shows some of the key
findings from the braced frame analysis. This analysis also referenced Chapter H in the AISC
Specification because the columns are subjected to combined flexure and axial compression. The

governing equations from ASIC Chapter H used for each member can be seen below in Table 10.

59



Table 10: Lateral and Gravity Column Results
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Side Football Morgan Quad Softball
Frame FB-SB both M2 both
Columns W12x72* W12x53* | W12x65* | W12x65*
K2 1 1 1 1
Pnt kips 227.62 31.19 251.60 35.27
Plt kips 15.25 40.66 34.92 25.89
Mnt k-ft 189.35 41.86 118.57 13.12
MIt k-ft 18.76 14.94 12.66 11.84
B2 1.06 1.04 1.09 1.03
K1 1.00 1.00 1.00 1.00
B1 Calculated 0.54 0.53 0.44 0.50
B1 used 1.00 1.00 1.00 1.00
Governing Equation H1-1a H1-1b H1l-1a H1-1b
1> 0.40 0.10 0.50 0.06

The columns in the unbraced category were analyzed individually for both axial and
bending forces. Although these columns were not part of the braced framing there was still a
bending force applied due to the cantilever middle beams and the girders between each column.
The unbraced columns were only designed to carry gravity loads and moments. The Effective
Length Method was used again, however only the B1 multiplier was used because there was no
lateral force applied. Each column consisted of a 2-D analysis. This resulted in analyzing the
column in one plane, then analyzing the column in another plane to account for both the girder
and cantilever moments. Then, each analysis was combined through superposition and
substituted into the governing equation (Equation H1-1la or H1-1b) in Chapter H of the AISC
Specification. An example of some of the key findings of this analysis is presented below in

Table 11.
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Table 11: Gravity Load Column Results
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Side Quad side
Frame MQ 2
Columns W12x65
Cantilever
Girder Plane Plane
Pnt kips 109.18 130.24
Mnt k-ft 72.30 113.50
K1 1.00 1.00
B1 0.62 0.62
®Pn 428.00 428.00
H1-1a
1> 0.27 0.33
Combined
H1-1a
<1 0.57
x reaction (k) 5.53

Part of the column investigation was to examine the reaction at the top and bottom of the
column to engage diaphragm action at the roof and gym floor level. These pins helped to
stabilize the columns. The horizontal or x-directional reaction due to the pin was deemed not to
be of any significance for the structural integrity of the design. It was not investigated further
because when compared to the total force acting on the column it was much smaller. All the

results from the column design can be seen in Appendix P: Column Design.

416 Revit Model

Once the beam-and-girder framing for the alternative design was defined, a 3D model
was created in Revit to assist the group in visualizing the alternative model completely.  This
also was an interactive drawing that could be analyzed from various perspectives, such as
structural design as well as project management cost and scheduling. Figure 27 below is a

representation of the alternative designed created in Revit.

61



WPI Recreation Center

Figure 27: Revit Model of Alternative Design

4.2 Cost Development for Alternative Design

Once the design of the structural framing on the alternate design was completed, this
includes the beams and girders; the cost estimate for the alternative design was able to begin.
The estimate was completed using RS Means in the same way the existing design estimate was
created, as described in Section 3.3: Creation of Baseline Estimate Based on RS Means. Table 12

below shows the breakdown for the structural framing in the alternative design.
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Table 12: Structural Framing for Alternative Design
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FRAMING COST BREAKDOWN

Total Labor Total Labor Material Equipment Equipment
LF Cost/LF Cost Material Cost/ LF | Cost Cost/ LF Cost

HSS7X7X1/2 20| $ 112.65 | $ 2,252.99 | $ 515.00 $ 10,300.00 | $ 32.00 | $ 640.00
W10x12 482920 | $ 10.10 | $ 487875 | $ 19.80 $ 9561.82 | $ 2.90 $ 1,400.47
W12X14 580.000 | $ 695 | $ 4,032.35 | $ 26.50 $ 15,370.00 | $ 1.98 $ 1,148.40
W12x16 215.000 | $ 695 | $ 1,494.75 | $ 26.50 $ 5,697.50 | $ 1.98 $ 425.70
W12x19 238.000 | $ 695 | $ 1,654.65 | $ 36.50 $ 8,687.01 | $ 1.98 $ 471.24
W14X26 19.333 | § 619 | $ 119.71 $ 43.00 $ 83133 | $ 1.76 $ 34.03
W14x30 136.250 | $ 674 | $ 917.65 | $ 49.50 $ 6,744.39 | $ 1.93 $ 262.96
W16X26 128.917 | $ 6.08 | $ 78424 | $ 43.00 $ 554342 | $ 1.74 $ 224.32
W16x31 19.333 | § 674 | $ 130.21 $ 51.00 $ 986.00 | $ 1.93 $ 37.31
W16X36 83.333 | $ 674 | $ 561.26 | $ 51.00 $ 4250.00 | $ 1.93 $ 160.83
W16X40 19.333 | § 7.60 | $ 147.01 $ 66.00 $ 1,276.00 | $ 2.18 $ 42.15
W18X35 350.000 | $ 9.02 | $ 3.155.70 | $ 58.00 $ 20,300.00 | $ 1.95 $ 682.50
W18x40 19.333 | § 9.02 | § 174.31 $ 66.00 $ 1,276.00 | $ 1.95 $ 37.70
W18X46 19333 | § 9.02 | $ 174.31 $ 76.00 $ 1,469.33 | $ 1.95 $ 37.70
W18X50 38.667 | $ 956 | $ 369.63 | $ 82.50 $ 3,190.00 | $ 2.06 $ 79.65
W21X44 14.750 | $ 815 | $ 120.17 $ 72.50 $ 1,069.38 | $ 1.76 $ 25.96
W24X55 212.667 | $ 782 | % 1,663.34 | $ 91.00 $ 19,352.67 | $ 1.69 $ 359.41
W24X62 154.667 | $ 782 | $ 1,209.70 | $ 102.00 $ 15,776.00 | $ 1.69 $ 261.39
W24X76 19.333 | § 782 | % 151.21 $ 125.00 $ 2,416.67 | $ 1.69 $ 32.67
W27X84 74.000 | $ 728 | $ 538.59 $ 139.00 $ 10,285.95 | $ 1.58 $ 116.92
W33X118 62.167 | $ 739 | $ 45922 | $ 195.00 $ 12,122.57 | $ 1.59 $ 98.85
Total $ 22,736.77 $146,206.04 $ 5,940.15
Inc. O&P Add 10% Already Added $160,826.64 $ 6,534.17

Total Cost of Framing $  190,097.58
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After the framing was designed, the columns were analyzed to see if they could sustain
the load that the beams and girders would put on them. The columns analyzed were the same as
the existing design and they were all found to be of sufficient strength. Due to this, the column

and truss sizes remained the same, keeping the costs for both the same as the existing design.

4.3 Schedule Development for Alternative Design

After developing the schedule for the existing design as discussed above in Section 3.4,
the schedule for erection of the alternative design was developed. The information learned from
developing the schedule for the existing design helped tremendously in creating a schedule for
the alternative design. The average production rates for erecting each type of steel, determined
from the time lapse photos, were the base line for estimating the alternative schedule. In the new
design of the track the suspended cables were eliminated, and the track framing was redesigned
to support the design loads accordingly. Therefore, the sequence of construction and the
production rates are judged to be very similar to that for the existing design. The track framing
does include some larger and smaller members with different connection details so it was
thought that it may take longer to install each bay. But because the steel erectors will not have to
install and connect to the system of suspended cables, the working height of the crane will be
less, and the work will be much more repetitive.

From analysis of the existing design, it was observed that the production rates for
erection of the columns, bracing, and track framing increased dramatically when the ends of the
track steel were being installed. Initially the workers were able to install twelve columns and
sixteen brace in two days. Near the end of the construction, in order to close up the other end,
nine columns were installed in a day. During the majority of the construction the average daily

production rates for each type of steel were: two to three trusses, two columns, four braces, and
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two bays of track framing. The average rates are significantly less than the rates of installing the
ends of the track because the columns, braces, and track framing can only be put up as fast as the
trusses are put up.

The average production rates were used to base the calculations to estimate how
long the alternative design would take. Table 13 was a table used to develop an estimated time

based on production rate and days of delay time.

Table 13: Estimated Alternative Schedule Durations

average
25
trusses per day

average
4
braces per day

average
2
columns per day

average
2
bays of track a day

average
4
cables per day

[Esti { Install Days

10

17

18

17

no cables

|Davs Start to Finish

14

17

15

15

no cables

|Actual Install Days

10

12

10

10

no cables

[Delay Days

I

4

5

5

5

no cables

|Time for Alternative Design |

14

9l

19

18.5

no cables

The first row shows estimated install days. This was determined by dividing the quantities of that
specific type of steel by the average daily install rate. For example, there are twenty five trusses
and the installation rate is two and a half trusses per day. The result equals ten days to install the
trusses. The next row is days start to finish. This value is the number of days it took from the first
truss installed until the last truss was installed. The third row is the number of actual install days,
this is the number of days where trusses were being installed and progress was made. The fourth
row is delay days. The delay days are the second row less the third row. There are days where no
progress was made due to weather, delivery delays, or maybe the workers were needed
elsewhere to help catch up. These delay days were determined by looking at the time lapse
photos and recording what days no steel was installed. The final row is the estimated number of

days used to develop the alternative schedule. This number was derived by first taking the
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average of the estimated install days and the actual install days and then adding the number of
delay days. These numbers are good estimates of the time it should take for installation. The
numbers take into account the higher production rates at the beginning and end of construction
and an average number of extra days due to delays. The calculated durations above (Table 13)
were used to make a first draft of the schedule similar to the spreadsheet created for the existing
design (Table 7). Instead of using the quantity of each type of steel installed each day, the
durations were shaded-in with different colors (Table 14). Developing this spreadsheet helped to
show all the activities in relation to one another. Seeing the activities in relation to each other

helped to determine the start and finish dates of each activity.
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Table 14: Alternative Durations Spreadsheet

5 workers

7 workers

7 workers

7 workers

25 trusses

68 beams

36 columns

34 bays

Trusseson
ground

Trusses

Bracing/Framing

Columns

Track Framing

Truss Bracing

23-Feb
24-Feb
25-Feb
26-Feb
27-Feb
28-Feb
1-Mar|
2-Mar|
3-Mar|
4-Mar
5-Mar|
6-Mar|
7-Mar
8-Mar
9-Mar
10-Mar
11-Mar
12-Mar
13-Mar
14-Mar
15-Mar,
16-Mar|
17-Mar
18-Mar,
19-Mar|
20-Mar|
21-Mar
22-Mar
23-Mar|
24-Mar
25-Mar|
26-Mar
27-Mar
28-Mar
29-Mar
30-Mar
31-Mar
1-Apr|

WPI Recreation Center

A Primavera schedule was then established using the durations developed from the start

and finish dates determined from Table 14. As seen in Figure 28 below, the alternative design is

projected to take about five and a half weeks starting on February 23" and completing on April

1% It was assumed when making the Primavera schedule that the alternative design and the

existing design have the same starting construction date (February 23"). Including delay days the

schedule predicts construction to be completed on April 1%; the construction may proceed faster

due to better weather or more favorable production rates.
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Activity D Activity Name: Original Duration | Start Finish | 2010 | 2011
|___December | January [ February [ Warch [ Apri Way
[ 05 [12 [ 15 25 [0z [09 [ 16 [ 23 [ 30 [ 06 [ 13 [ 20 [ 27 [ 06 [ 13 [20 [ 27 [ 03 [10 [ 17 [ 24 [ 01 [ 08 [ 1
260|07-Dec-104 v ¥ O1-4p0-17 A, Structural Steel
5245 FAB/DEL-STRCT. STL-B 47 07Dec-10A 10-Feb-11 & 10Feb11 4
5265 ASSEMBLE TRUSSES ON GROUND 1 23Feb11A 17-Mar11 A 17 Mar11 4
5265 INSTALL COLUMNS AREA B [TRACK LVL) 1 23Feb11A  21-Mar11 4 21-Mar11 4
5275 INSTALL FRAMING/BRACING FOR AREA B TRACK LVL 1 24Feb11A  23Mar11 A 23Mar11 A
5295 INSTALL ROOF TRUSSES 17 28Feb11 A 17-Mar11 4 17 Mar11a
5305 INSTALL TRACK FRAMING 15 OfMar11 A 25Mar11 A I O5-Ha11 A
5310 INSTALL TRUSS RIDGE BRACING 13 21Mar11 A O1-4pe-11 A AT A
5350 TRACK STEEL COMPLETE AREAB 0 Of-4pr-11 & 4 TRACK STEEL COMPLETE AREA B

Figure 28: Alternative Schedule Primavera Screenshot

4.4 Creation of 4-D BIM for Alternate Design

The creation of the 4-D model followed the same “phasing” process that was followed in
Section 3.5: Creation of 4-D BIM. We again created four phases for the alternative design based
on the alternative schedule. The phases were created out of the model made by members of the
group, not based from the Cannon model as it was no longer the same design. We took the phase
snap-shots on the same dates as existing design, except for the last phase. Based on the schedule
analysis, it was projected that the alternative design could be completed about a week before the
existing if there are no delays. Even though this is unlikely, the last phase is shown on April 1%
in the assumption that everything would be perfect. We kept all other phases on the same date for

ease of comparison in the next chapter.

Table 15: Breakdown by Phase for Alternative Design

Breakdown by Phase
Ph;se Date %Complete Steel
Tonnage | %Complete
1 3/7/2011 25% 21.05 11%
2 3/17/2011 50% 85.15 45%
3 3/27/2011 5% 146.4 7%
4 4/1/2011 100% 191.26 100%
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Phase 1 is shown below for the alternative design on 3/7/2011. In Phase 1, one column

bay has been completed, along with some of the track framing on the Morgan side of the

building. In this Phase, 21.05 tons have been erected; that is 11% of the total steel.

FOOTBALL

Figure 29: Phase 1 Alternative Design

Below, Figure 30 shows Phase 2 on 3/17/2011. This phase shows significant progress

from the first phase. There is a total of 85.15 tons of steel erected; that is 45% of the total

tonnage of steel and 34% more steel erected than was in Phase 1.
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FOOTBALL

Figure 30: Phase 2 of Alternative Design

Phase 3 for the alternative design is right on track work-wise with the schedule. Phase 3

shows the track at 75% complete schedule-wise and work-wise it is 77% complete. Figure 31

shows Phase 3 as it is seen in the Revit model.

FOOTBALL

Figure 31: Phase 3 of Alternative Design
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The last phase or “New Construction” is the alternate track at completed. This phase

shows the final 27% of steel that had to be erected from Phase 3. The entire 191 tons of steel is

erected and shown in Figure 32.

FOOTBALL

Figure 32: Completed Alternate Track Design

This phase is shown on 4/1/2011. As previously mentioned, if no delays occur the

alternate design could take a total of five weeks to complete.
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Chapter 5 - Evaluation/Analysis of Designs

Both designs were compared based on the evaluation and analysis of this project. This
chapter will compare the designs based on the structural design, the cost differences, the

schedule differences, and the differences found through the use of BIM.

5.1 Design Comparison

The main design differential between the two designs is the configuration of the
structural supports for the track due to the elimination of the hanging supports. Eliminating the
hanging supports caused an increase of weight on all portions of the track. Each component that
was altered by the removal of the hanging supports was accommodated for the additional weight.

The main differences in the straight portions of the track were the lengths of the end
beams to accommodate the revised framing, the creation of the cantilevers, and strengthening of
girders between the columns. Figure 33 represents Cannon’s configuration of the Football Side’s
straight portions which consists of hanging supports, end beams (which connect to the hanging
supports at each set of end beams, parallel to the columns), perpendicular girders and supporting
beams between each set of columns. The hanging supports were determined from the drawings
to be HSS7x7x0.5 vertical supports which run parallel to the columns. The end beams were
designed as simple beams and were configured to be W10x22 sections. Between each set of
hanging supports, there are two W10x22 end beams supporting the track. The perpendicular
girders span across each straight away and connect, connect each end beam to the columns or
column beams; they were specified to be W10x19 sections. A series of W14x22 beams span

between the columns and support the W10x19 girders.
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W10X22 W10X22 W10X22 W10X22 W10X22 W10X22
iyl O O o ] O

2 @ 2 @ 2 @ o

5 X 8 X 8 X 3
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W14X22 W4X22 WI4IX22
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Figure 33: Existing Revit Design Football Side

As previously stated throughout the project, the main alteration to the design was the
removal of the vertical hanging supports. A section of the alternative design is portrayed in
Figure 34 which represents the straight portions of the track along the Football Side of the
building; it is a revised version of Figure 33 for was of comparison. Most of the configuration is
the same from the previous design except for the lengthening of the end beams from 9°8” to
19°4”. This minimized the number of cantilevers in the design and the overall moment on the
columns. Since the end beams were lengthened, they pick up more dead and live load, and
consequently the member size increased from W10x22 to W12x14 sections. The perpendicular
girders that span the width of the track (the W10x19 sections in Figure 33) were converted into a
system of cantilevers (at the column lines) and simple beams (between the columns). The
cantilevers develop moments at the column faces from the various design loads for the track, and
so the member sizes were increased from the existing W10x19 to W18x35. The perpendicular
middle beams that were treated as simple beams did not carry much of a load because of the new
design, so they were calculated to be W10x22s. Finally, a small decrease in loading occurred in
the girders that span between the columns, and so their member size was reduced from W14x22
to W12x14. The section of the track along the football field is simplest portion because of the
limited factors associated with the design. The other sides, such as the Quad side, have
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additional loadings which cause the scheme to be more complex. For example, the beams and
columns along the Quad side of the track must also support an adjacent floor slab. Investigation
into these other areas of the track can be referenced in Appendix H: Simple Beam Approach

Hand Calculations.

W12X14 W12X14 W12X14
o 3 g 3 o] 8
5 5 & 5 & 5 &
g = 2 = 2 =
W12X14 W12X14 wW12X14
il I L I

Figure 34: Alternative Revit Design Football Side

The four corners of the track can be classified into three sections: the Morgan side, the
Football/ Softball side, and Quad/ Softball side. The Morgan corners of the track are mirror
reflections of each other because they do not have additional factors affecting their design.

Figure 35 presents the existing design from the Morgan side of the track which includes hanging

SUppOI‘tS.
o W14X22 W14X22
—.L I
()]
3
é é é W10X19
2 = H
1
> W10X22 W10X19 [
—o0 o 11
ol
N |
5 |
z I
W10X19 ‘H:
Q ‘

Figure 35: Morgan Corner of Existing Design
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Figure 36 represents the alternative design configuration of the Morgan side of the track.
Some of the aspects that have been altered from the existing design were the beam lengths of the
long middle beam and the member sizes of all of the beams. Specifically, the middle beam was
lengthened to minimize the cantilevers in the corner scenario, and the member sizes were all
changed because the loading scheme had changed due to the elimination of the hanging supports.
As mentioned before, Figure 36 is the simplest example of one of the four corners. The Football/
Softball corner and the Quad/ Softball have different configurations and can be reference in

Appendix F: Corner Calculations.

_ W12X14 W10X12
L I
o
8
® < S| wioxi2
< 2 < -
W14X22

W10X12

|
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gw

\

1
W18X35 11

Figure 36: Morgan Corner of Alternative Design

The columns supporting the track remained the same size for every column surrounding
the track. This was the one structural element that was not changed between the existing design
and the alternative design. The existing column capacities were analyzed, and they were found
to be sufficient to support the alternative track, including the moment effects from the cantilever
beams.

These alterations to the design are only one component to the overall analysis of the
track. Aspects such as the project cost and schedule still need to be analyzed and incorporated to

understand which design has better components.
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5.2 Cost Comparison

The two designs were compared based on the beam and girders, columns, and trusses.
The alternative design proved to be 0.67% more expensive than the existing design that was
created in this project. The beam and girders for the alternative design are about $6,000 more
expensive. This slight increase in price is due to the cantilever members in the alternative design.
Many of the beam sizes for the simple span beams decreased, but the cantilever member sizes
increased greatly in many cases versus their counterparts in the existing design, causing an
increase in price for the framing aspect of the design.

When the columns were analyzed, it was found that all of the columns in the existing
building could remain the same because they have sufficient capacity to support the new design,
including the combined effects of flexure and axial compression. A consideration of
constructability was also a part of the motivation to keep the columns the same size as for the
existing design. It was assumed that the existing column sizes were established to be convenient
to fabricate and erect: many of the columns throughout the affected area are the same or similar
in size. The trusses were also assumed to be adequate in strength because the hanger supports
were removed from the loading on the trusses. For this reason, the costs of both the columns and
the trusses remained the same. Below, Table 16 shows the comparison for the costs between
each aspect of the alternative and existing designs. The boxes highlighted in yellow show the

totals for each individual design.
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Table 16: Cost Comparison of Existing and Alternative Design

Existing Design Alternative Design
Cost Per Grou Cost Per Grou
Framing Columns Trusses Framing Columns Trusses

$184,100 $174,200 $547,200 $190,000 $174,200 $547,200

Total $905,526.37 Total $911,513.83

As noted before, it can be seen that the difference in price is simply from the beams and
girders. It is a difference of $5,987.46. Overall, that makes the alternative design .67% more
expensive. In the overall scheme of the project, this difference of about $6000 is practically

negligible as the total cost of the project is approaching $46.5 Million.

5.3 Schedule Comparison

While the manner in which the structural framing for the track supports the applied loads
and its physical appearance have changed dramatically, the expected process for installation of
the track and its supporting steel has not. Schedules of the existing and alternative design were
developed to reflect estimated durations and the sequence of completion. Below, in Figure 37
and Figure 38, are the Primavera schedules which compare the two different designs. The

designs followed similar sequences of installing approximately one column bay per day.

Activity ID Activity Name Original Duration | Start Finish | 2010 | 2011
|—_December I January T February T Tiarch T Apri T iay
05 [ 12 [ 19 [ 26 [ 02 [ 09 [ 16 [ 23 [ 30 [ 06 [ 13 [ 20 [ 27 [ 06 [ 13 [ 20 [ 27 [03 [ 10 | 7 [ 24 [01 [ 08 [ 15
07-Dec-104 064511 A, Stuctural Steel

5245 FAB/DEL-STRCT. STLE 47| 07Dec-104  10Feb-11 4 10Feb-11 4

5255 ASSEMBLE TRUSSES OM GROUND 1/23Feb 114 17Mar11 4 17-Mar11 4

5265 INSTALL COLUMNS AREA B (TRACK LWL) 1/ 24Feb 114 16Mar11 4 1B-Mar11 4

5275 INSTALL FRAMING/BRACING FOR AREA B TRACK LvL 1/25Feb 114 19Mar11 4 E 19-Mar11 &

5295 INSTALL ROOF TRUSSES 17| 02Mar11 A 19Mar11 4 19Mar11 4

5300 INSTALL TRACK CABLES 1/03Mar11 A 23Mar11 4 I 2311 A

5305 INSTALL TRACK FRAMING 16| 07-Mar11 A | 25Mar-11 4 N 25-ar11 A

5310 INSTALL TRUSS RIDGE BRACING 13| 22Mar11 A 05Apr11 4 I (5-Apr-11 4

5350 TRACK STEEL COMPLETE AREA B o 06-Apr-114 # TRACK STEEL COMPLETE AREA B

Figure 37: Existing Design Schedule

77



WPI Recreation Center

| 2010 | 2011
| December | January [ February [ March [ April [ May|
[05 12 [19 [ 26 [ 0209 16 [23 [ 30 [ 06 [13 [ 20 [27 [ 06 [ 13 [20 [ 27 [ 03 [10 [ 17 [ 24 |01 [ 08 [ 1

Activity D Activity Name Original Duration | Start Finish

280|07-Dec104 r ¥ 01-Ap11 A, Structural Steel
5245 FAB/DEL-STRCT. 5TL-B 47 07-Dec-104 10Feb11A 10Feb11 4
5255 ASSEMBLE TRUSSES OM GROUMD 1 23Feb114 17Mar11 A 17Mar11 4
5265 INSTALL COLUMNS AREA B [TRACK LWL) 1 23Feb11 A 214arit a 21-Mar11 4
5275 INSTALL FRAMING/BRACING FOR AREA B TRACK LVL 1 24Feb114 23Mar11 A E 23Mar11 4
5295 INSTALL ROOF TRUSSES 17 28Feb11 A 17-Mar11 4 17 Mar11a
5305 INSTALL TRACK FRAMING 15 Mar11A  25Mar11 4 I O5-Ha11 A
5310 INSTALL TRUSS RIDGE BRACING 13 21Mar11 A O1-4pe-11 A AT A
5350 TRA&CK STEEL COMPLETE AREA B 0 Ol-Apr-11 & # TRACK STEEL COMPLETE AREA B

Figure 38: Alternative Design Schedule

Both constructions start out by installing the columns and bracing at the end closer to the
Morgan dormitory. As the construction proceeded towards Harrington Auditorium, the sequence
was to stay one bay of columns and bracing ahead of the erection of the trusses, and the
installation of the track framing was assumed to follow a bay or two behind the trusses. The
sequences for the existing and alternative designs are about the same because the design of the
major structural steel members (columns and trusses) did not change dramatically. The
difference between the two designs will principally emerge from the installation of the track
framing itself. Figure 39 depicts the construction process by each phase. The left hand side
shows how the existing design was constructed and the right hand side shows the alternative
design. For each design, Phase 1 is on the top with all other Phases below it sequentially. The
main thing to note in these figures is the difference in Phase 1. As mentioned before, the lack of
suspension cables allowed for the track framing to be erected earlier and this is clearly shown in
Phase 1 of the alternative design. Beyond Phase 1, the sequencing of the construction is very

similar.
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Figure 39: Phase Comparisons from Revit

Because the suspended cables are being eliminated from the existing design, the erection
of the proposed alternative design should be a little faster for two or more reasons. First, the
alternative should be faster to erect because the workers will not need to take a lift up to the level
of the roof trusses to attach the cables. The second reason is because eliminating the cables will
make the design more uniform and repetitious. Without the cables, erecting the track framing

becomes the repetitive installation of beams, allowing the workers production to increase as they
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do more. With these anticipated changes in the erection process it would be expected that the
alternative design would take a lot less time to install, but it does not. The reason it does not is
because the track framing cannot be installed until the columns, bracing, and trusses are
installed. For coordination purposes the track framing erection follows one or two column bays
behind the erection of the columns, bracing and trusses. This sequence of erection assures the
safety of the workers erecting the track framing so that no trusses are being flown in and erected
directly above where they are working. Therefore, the track framing cannot be installed any
faster than the trusses.

Both schedules were created with the same start date of February 23, 2011, and both
ended near the beginning of April. The alternative design’s completion date was projected at
April 1, 2011. The actual existing design’s completion date was April 6, 2011, which was
estimated to have been delayed a few days due to snow, and a couple other days due to reasons
not clear from looking at the time lapse photos. Because of the method used to project the
durations of the alternative design the estimated time intervals allow for several delays due to
unforeseen events. If the construction runs smoothly the alternative design could possibly be
installed a week or two faster than the existing design. But, because the new design does not
speed up the overall installation of the track significantly, the benefits of choosing the alternative
design because of schedule are not overwhelming. With the track being installed earlier there is a
chance that other trades such as plumbers and electricians could install there pipes and conduits
underneath the track earlier. This could in turn allow them to start earlier on other projects,

potentially shortening the entire project.
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5.3.1 Phase Comparison through Revit

The other aspect of the schedule that could be compared through the Revit model was the
percent completed in each phase. Table 17 below shows the information for the existing design
on the left side and the alternative design on the right side of the table. The table shows the
percent complete for Phase 1 as slightly greater because of the additional erected steel that was
shown in Figure 39 of the previous section Table 17. Also, a final note to be made is that the
final phase in the alternative design was also assumed to be completed under perfect conditions

on 4/1/2011.

Table 17: % Complete by Tonnage and Schedule for Both Designs

Breakdown by Phase
Existing Design Alternate Design
Steel Date Phase# | %Complete Date Steel
Tonnage | %Complete Tonnage | %Complete

20.49 7.50% 3/7/2011 1 25% 3/7/2011 | 21.05 11.00%
109.44 40% 3/17/2011 2 50% 3/17/2011 | 85.15 45%
179.82 66% 3/27/2011 3 75% 3/27/2011 | 146.4 77%
270.56 100% 4/6/2011 4 100% 4/1/2011 | 191.26 100%

The differences in the percentage complete for the other phases can be explained through
looking at the difference in total tonnage for the existing and alternate design. Because the total
tonnage is different, it causes the percentage complete of steel to be misleading. The percent
complete by phase appears to vary significantly between the two designs, even though the
figures and schedule show them to be more similar. The difference in these values can be
accounted for by many things. First, it could be caused by human error. The original phases were
made in the Revit model provided by Cannon. When creating these phases, the track construction
was isolated from the rest of the building by deleting those members and analytical lines that

were not considered relevant. Some of the analytical lines may have been missed, and
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consequently were added to our schedule quantities. Another variance is due to including the
truss bracing in the schedules exported from the Cannon model. These brace members were not
addressed in the scope of the project and were not included when the alternative design was
modeled in Revit.

Overall, the Revit model supports the previous findings through the design, cost, and
schedule in determining that the alternative design does not have any significant advantages or

disadvantages in comparison to the existing design.
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Chapter 6 — Conclusions & Recommendations

The focus of our results in this MQP was the comparative analysis between the existing
and alternative designs. The design, cost, and schedule were analyzed to make determinations
about each design against the other. The comparative analysis in this project was heavily
dependent on different software programs such as Revit, Robot, and Primavera. These three
programs were intended to help us create the design, cost estimate, and schedule for the alternate
track support structure. The main focus was on Revit and Robot, and the integration of these
programs into structural engineering and project management in a realistic project setting
allowed for the potential uses in these technologies to be realized. The heavy reliance on

software also put some constraints and difficulties on the project as well.

6.1 Recommendations Based on Comparisons

In creating an alternate design, the goal was to propose a structural solution that would
still meet the same needs that the original track design was intended to meet. The alternate
design was analyzed based on its structural capability, its cost, and its schedule. It was found that
the alternate design was almost equivalent to the existing design in every way.

Structurally, the alternate option was designed to hold the same loads as the existing and
serve the same purpose as an indoor walking/jogging track. Through the cost analysis, the
alternate design was 0.67% more expensive than the system currently in place. Schedule-wise,
the alternate design has the potential to finish 5 days sooner; this includes weather delays likely
during the winter months and other unexpected happenings. By accounting for unexpected
delays in the alternative schedule it allows for a chance that the construction could finish a few

days earlier in the case of no delays.
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Based on these findings, it can be determined that the final decision for the design could
be based on the look, or aesthetic aspects as that is the main difference between the two systems
designed. The suspended track provides a visible support system and the alternate design makes
the track area more open to the space in Level 4 of the building. This is because the cables have
been removed, removing the additional barrier should allow for a more open feeling. Below is a
depiction of the track designs side-by-side. Although, Figure 40 does not show the railings for

the track, it successfully shows the difference in the designs. With the cables removed in the

alternative design the obstruction to the view of the courts below is eliminated.

ALTERNATIVE DESIGN EXISTING DESIGN
Figure 40: View Comparison

6.2 Utilization of Technology

Robot was originally intended to assist in the design of the alternate approach and help
determine if the met strength requirements, as well as eliminate extensive calculations by hand
and through Excel. Robot is a relatively new program for the WPl community and the MQP
groups that used it this year were pioneering its use, which was a learning process. One of the
constraints we found was that as a program, Robot was not very intuitive for a new user. The
complexity of the program and the limited time frame for the MQP created a steep learning

curve. Consequently the full intentions for use of the program were not realized, and alternative
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strategies were adopted to complete the structural design effort. For example, a separate plan
utilizing hand calculations and Excel was put into place.

Revit was used as a means of creating a 4-D model for the project and researching the
potential uses of Building Information Modeling (BIM). In the scope of this MQP, Revit was
able to create a 4-D model by incorporating schedule items through the use of phasing in the
program. In the future, BIM could be used to create a 5-D model by also incorporating cost into
the model. This would allow for even more information to be available to the building users in
the model. A 5-D model is not as common in construction as 4-D, but has potential to gain
significant popularity.

In the process of creating and comparing the designs, cost estimates, and schedules, it
was easy to see the potential for technology to play an even larger role in engineering and
construction. In future MQP’s the use of Robot can be built upon and used more effectively to
take advantage of the great possibilities that the program has. Also, the exploration of creating a
5-D model would be interesting to study and to explore how that advancing technology can be

integrated better decision making into the engineering and construction areas of a project.
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Abstract

The WPI Recreation Center has given students the opportunity to research alternative
construction methods with a crossover of the new technologies in the construction and project
management fields. This MQP investigates alternative support systems for the recreation center’s
suspended track and the effect it might impose on the roof structure with an emphasis on the
integration of new software tools such as Robot and BIM (Building Information Modeling). The
procedures show that a new support system for the track may impact and require a change to the
entire roofing system, affecting the roof trusses and even cantilever canopies. As a result, all
aspects of the alternative design must be investigated for structural integrity, but notably the
programs, Robot and BIM, could be a valuable learning tool to use in academic settings and

professional practices as well.
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1 Introduction

Construction is an everyday activity that to a varying extend is part of our lives. The
construction industry is continuously growing with new projects and the development of new
infrastructures. Construction, especially in large-scale construction, is accomplished through
multiple inter-disciplinary fields of work coming together to complete one project. Architects,
structural engineers, project managers, and contractors are just a few of the many parties that can
be involved in any project at one time. These parties come together and must work efficiently
and collaboratively to design and build a facility based on the clients or owner’s vision and that
meets his/her needs.

Two major parties involved in construction projects are the design and project management
teams. The design team usually includes architects and structural engineers, as well as other
specialty engineers and design professionals. The architect works to take the owner’s vision and
provide a realistic design to meet the owner’s demands. Structural engineers are responsible for
the structural integrity of the project. Project managers are usually involved in construction,
coordinating the involvement of supplies and trades, tracking the development of the project and
assisting the owner throughout the entire project development process.

Worcester Polytechnic Institute has recently decided to undertake the construction of a new
Recreation Center for its community. WPI has a great need for a new recreation center because
its community of students, faculty, and staff has grown so much in the past five years the current
facilities are no longer sufficient. The new Recreation Center is comprised of six levels
including the roof. Some of the features that will be available in the new facility include an
olympic-sized swimming pool, a four-court gymnasium, a suspended jogging track, a 14,000

square foot fitness center, multi-purpose spaces, a Robotics pit and new athletic personnel
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offices. This study investigates the structural implications for an alternative design of the fourth
and fifth floors of the new Recreation Center.

The main functional uses of the fourth and fifth floors of the design contain the four-court
gymnasium and the suspended track. The suspended track is supported by vertical supports
hanging down from the roof trusses and attaching to the sides of track. This study will also
investigate the alternative design to the current suspended track using project management
principles as well. An evaluation of the loading changes of the alternative design affecting the
roofing system and cantilever canopies will also be completed, as well as a cost analysis and
schedule comparison of the alternative design compared to the current model.

To facilitate integration of the structural and project management aspects of the project,
computer-aided engineering tools will be utilized. Autodesk Robot Structural Analysis (Robot)
and Autodesk Revit Structures (Revit) are the computer-aided tools that will be used. Robot will
be utilized for structural analyses of the alternative design and Revit will be used as a platform
for Building Information Modeling (BIM). BIM is a technology-based collaborative approach
that many project managers have implemented to track schedules, costs and provide a 3-D model
of the proposed project. This study will create a 3-D representation of the alternation design

integrated in the Recreation Center utilizing BIM.
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2 Background

The background section discusses WPI’s need for a new Recreation Center and explains the
structural, project management, and technological roles in construction. The background section
further covers the current state of the WPI Recreation Center and the specific technologies that
will be used throughout this project as an aid. The structural portion elaborates on the potential
alternative designs for the suspended track. The project management section explains how the
schedule and costs are used in the field of construction. Lastly, new advancements in technology
provide aid for both the structural and project management fields.

2.1 Recreation Center

Worcester Polytechnic Institute has a need for a new recreation center to serve the needs
of the general community on campus as well as the varsity sport teams. WPI is an active
community, and the current facilities do not meet the needs of the population they serve. WPI’s
current recreation facilities consist of Harrington Auditorium and Alumni Gym. WPI primarily
uses Harrington Auditorium, built in 1968, for varsity basketball games, and other gatherings
such as career fairs, guest speakers, Robotics competitions, and varsity practices. Due to the
large amount of space in Harrington Auditorium it is usually occupied by large events as
described above, thus there is little to no free time for the general community to use it for
recreation. Alumni Gym was built in 1916, and is currently out of date, but is used frequently by
the WPI community. Alumni Gym has a small basketball court with a suspended wooden track
around the upper level of the court. There is also a small swimming pool only 20 yards long and
a weight room that does not meet the needs of the WPl community. These spaces have been
over used for many years and with the increasing population of students, and employees at WPI,

the need to expand is highly overdue. The overlap of activities and competition for space
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reservations, along with the increasing student population has become a large issue, and to
relieve some of the difficulty, the university has decided to construct a new recreation center. Its
main attractions will be an Olympic-size pool, personal fitness area, and a multipurpose
gymnasium which includes four basketball courts, track and field accommodations, a suspended
track, and robotics pit.

This project will specifically look into levels four and five of the recreation center which
houses the multipurpose basketball courts, the suspended track, roofing system, and cantilever
canopies. Each of these aspects has its own unique purpose which contributes a distinct and
important function to the center. The multipurpose basketball courts consist of two wood courts,
with an overlapping third, and two “Mondo” basketball courts that can accommodate practices
for varsity team sports including softball, baseball, and track. The suspended track is a three-
lane jogging track which is intended for indoor track practices and faculty and employee
enjoyment. The track is connected to the roof trusses which support the track and all components
of the roof, including the HVAC equipment, wind loads, snow loads, and cantilever canopies.
2.2 Structural Evaluation

The design of constructed facilities has many components, and structural engineering is
one of the primary disciplines. Structural engineers strategically determine the correct
configurations, members, and members sizes to minimize costs. Their main objective is ensuring
the structural integrity of the building to withstand varying live and dead loads. They are
professional engineers who put their stamp of approval on the final design before it is built,
assuming full responsibility for structural performance and the accuracy of the structural

drawings and specifications.
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2.2.1 Suspended Track System
The current suspended track is located on the fifth level of the recreation center. It is

supported by vertical hangers that attach from the roof truss to the outside edges of the track. The
track surface is made up of a material called “Mondo”. Mondo is a type of rubber flooring used
for multipurpose athletic flooring. The suspended track was designed for walking and jogging
purposes only. Dana Harmon, WPI’s athletic director, clarified that the track was not made for
excessive running but more for the lifestyle of the WPl community (Harmon, 2011). The intent
of the track was geared towards general recreation use which had an impact on the design

including the structural support system.

2.2.1.1 Support Systems
There are many different support systems that could be implemented into the Recreation

Center as an alternative design to the suspended track, and each alternative has unique qualities
that contribute to the reason for its installation. The building was designed to be visually
pleasing as well as functional. Various restrictions with the building may apply when altering the
suspended track. Support systems can range from simple column supports as a sort of simple

post-and-beam system to complex trusses to cantilever beams.

2.2.1.1.1 Column Supports
Columns are commonly used support systems that can be beautifully decorated to match

the décor of a building. Structurally, columns are one of the most effective compression
members that can range in height, shape and width (ASDIP, 2011). Column members are
defined as vertical elements whose length is nominally larger than their width and are usually
composed of steel or concrete. Looking at an efficient use of materials to reduce costs steel is

normally used in larger buildings because of the various shapes and sizes options. If the columns
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are composed of steel, their shape can range from W-shape to HSS-rectangular and even C-shape
which can also be encased in concrete for added strength and fire resistance (AISC, 2010).

Some advantages to using columns are their simplicity and the minimal amount of labor
they require to install. Also, the various design shapes mentioned above make this support
system versatile and effective. Columns can also be easily hidden in walls or kept in the open to
maintain an ambiance. One major disadvantage to columns is their unavoidable obstructionist
presence in large open spaces. They can obstruct viewing and/or pose as a hazard to the flow of

people when constructed in large areas such as swimming pools and basketball courts.

2.2.1.1.2 Trusses
Trusses are an assortment of members strategically composed into a structurally sound

shape to withstand a large amount of force. There are many different configurations that can be
used when designing a truss and each arrangement has advantages for different loading types.
Also, when considering each configuration, the member size and shape can be altered to
compensate for each specific case. Just like a column, a truss can be aesthetically constructed to
match the décor of a building or it can be concealed behind ceilings or walls.

Some advantages to a truss are the optimization of space, the use of small and lighter
members when constructed, and ability to span long distances without intermediate support. In
some cases, the aesthetic appeal of a metal truss system can create a certain environment in a
building. One major disadvantage of a truss is the inability to be concealed without reducing the
space of a room especially when they are relatively large. Additionally, the amount of labor
associated with the construction of each individual truss can be very costly especially when
associated with a large project like WPI’s Recreation Center. The investigation of a cantilever
system has some of the same advantages of the truss system, while also minimizes its

disadvantages making it one of the most reasonable alternatives.
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2.2.1.1.3 Cantilever Beams
A cantilever beam is singular piece of steel that is anchored at only one end, but extended

outward to support a downward force. Cantilevers can be composed of various sized beams
chosen to be large and strong enough to support the track, yet small enough to conserve money.
They can also range in shape, from W-shape to HSS-rectangular, and even C-shape similar to a
column support. Cantilever beams can also be constructed with trusses and slabs, but in this
particular scenario we will be referencing simpler cantilever systems. Cantilever beams are
fabricated by a steel fabricator with specific measurements defined by a structural engineer that
support the specified area with the most strategic beam size.

The main advantage to implementing a cantilever system is its simplicity of design and
installation, and its ability to be concealed easily by walls and ceilings. Since this system is
mainly composed of a series of relatively large, thick beams, the price of these beams may be a
large disadvantage. Another disadvantage of these beams is accommodating for fixed-end
moments in the supporting elements of the structure.

Knowing all the components of every possible alternative for a problem such as this is
very beneficial. The best solution can be found when each choice is analyzed and compared to
the need of the project. Other components to consider for the track other than the structural
design are the materials that make up the track. Table 1 below summarizes the attributes of each

proposed support system.

Table 1: Track Support System Feasibility

Support Utilize Easily Easily Cost F
System s Space Concealed Installed Effective easible
. Suspen Yes Yes Yes Yes Y
sion es
Column No No Yes Yes N
S 0
N
Yes No No No
Trusses 0
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Cantile ‘ Yes ‘ Yes Yes ‘ Yes

Y
ver es

2.2.1.2 Materials
One major component of our project and construction management in general, is the cost

analysis of all methods and materials used. When selecting materials it is crucial for the
designers to use the lowest costing materials without compromising structural integrity while
complying with all specifications. The current proposed track is composed of W10x19 girders
and W10x22 joists with three lanes of Mondo flooring, a railing to prevent users from injury, and
other basic materials used to encase the unit. The materials that are used in the current track
design could be carried over to the new proposed track, but an investigation into structural design

configuration as well as structural materials could save the owner extra money.

2.2.1.3 Track Activity Accommodation
Another component to analyze when creating the jogging track is to consider the various

activities that track will endure. This pertains not only to the live and dead load of the track,
which is associated with its construction, but with the maximum load that the track can be
expected to sustain with certain activities. As mentioned previously Harrington Auditorium
holds large events such as the career fair and Colleges Against Cancer’s Relay for Life. Extreme
loading cases should be considered because of the potential for a large number of people to walk
around the track. One must investigate topics such as these to identify the maximum capacity of
the current and proposed system to insure the safety of all users. The in-depth study of the
construction and materials leads into the next important aspect of the Recreation Center, the roof

system.
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2.2.2 Roofing System & Cantilever Canopies
The Recreation Center’s current roofing system is a series of thirteen trusses designed to

support the suspended track, all the equipment on the roof, a portion of the cantilever canopies,
and all variable live loads normally associated with building roofs such as snow load and wind
load. The current roofing system has been designed by professionally licensed structural
engineers to safely support all components mentioned above, but if our project alters one
component it may be necessary to reanalyze the proposed truss. This design, which has been
created by Cannon, the Architect on Record for WPI’s Recreation Center Project, is presented in
Figure 1. This project’s new proposed support system for the track may impact all structural
supports at the fourth and fifth level, and it will be necessary to reanalyze these components to
insure the safety and integrity of the building. One unique aspect of the Recreation Center’s
roofing system is the cantilever canopies that extend from the edge of the roof. These distinctive
components not only need to be reanalyzed if a new system is implemented, but their many uses

will be researched further throughout our project.
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Figure 1: Cannon’s Structural Truss

The canopies are awning-like structures that extend 8’-3” from the edge of the roof and
are attached to the spandrel beams and roof trusses to create an aesthetic appeal for the building.
Because the building is a giant box shape the cantilever canopies create a more vibrant look.

After talking to a representative from Cannon, the canopies are intended to lure the viewer into
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thinking the building is more dynamic (Cannon, 2011). With the installment of the canopies, the
viewer looks at the whole building, making the building seem much more animated. The
representative also mentioned that the canopies will help to reflect more sunlight into the
building during the day, and at night the lights will reflect off the canopies making the building
light up more. The canopies are angled upward to help keep everything sloping into the building
for safety purposes. As mentioned previously, the roof trusses may change and an investigation
into the effects of the canopies on the supporting structural members will be conducted
throughout the methodology sections. Figure 2 below shows the current plans for

the suspended track.
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Figure 2: Current Suspended Track
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2.2.3 Massachusetts Building Code
For every construction project and structure design there are a set of standards in place by

the state to ensure safety. For the state of Massachusetts, there is a state building code which is
supplemented with the International Building Code (IBC) provisions. The purpose of the IBC is
to ensure safety of buildings by setting limits on design values for the structure design (IBC,
2009). Our project code will be consistent with the state of Massachusetts Building Codes
(Mass.gov, 2011).
2.3 Project Management

Project Management is defined as the art and science of coordinating people,
equipment, materials, money and schedules to successfully complete a project (Oberlender,
2000). Many owners find it difficult to manage construction projects because they don’t have the
expertise, or they don’t have the time to successfully oversee the entire construction process. For
this reason, owners seek help in construction management (CM) firms. CM firms typically
provide pre-construction services as well as coordinating construction throughout the duration of
the project. In the state of Massachusetts, it is necessary that public projects are advertised and
bid on. This ensures that these projects are obtaining the proper supervision that they need
(Sullivan, 2011). These firms provide experience and knowledge that an owner may be lacking.
The CM uses their expertise to help the owner throughout the design and construction of their
building. Hiring a CM allows the owner to be involved, but maintain their responsibilities
outside of the project, as well as ensuring that the project is properly overseen by the CM.

In the case of the WPI Rec Center, WPI, as the owner enlisted the help of an
Owner’s (WPI) representative in Cardinal Construction. They represent WPI as the liaison
between the architect (Cannon Design) and the CM at Risk (Gilbane). WPI sought help for many

reasons. One of which was that Cardinal has expertise in construction that very few, if any, WPI

101



WPI Recreation Center

employees have. Also, there is no one on the WPI staff that has the necessary time to devote to
fully managing a construction project. If an employee were to take on this responsibility, they
would have to drop all other responsibilities that they normally have. WPI has appointed a
project manager within the staff at WPI to oversee the whole project. For the Rec Center, WPI
has chosen Alfredo DiMauro to be the project manager and he works with other operations
managers to add their input and oversee the construction on behalf of the campus. All of these
teams of people come together to successfully bring a product that the campus will be happy

with.

2.3.1 Schedule
Scheduling is one of the most important functions related to project management. When a

project is contracted to a Construction Management firm, a completion date is set. Maintaining a
schedule that is constantly updated ensures that the completion date is always in sight for the
CM. A schedule not only ensures the completion date is achievable but it has many other
valuable attributes for a project.

In order to make an accurate schedule and keep it up to date, most CM firms have an
employee who is dedicated solely to keeping track of the schedule. It is that person’s job to make
sure that the schedule constantly reflects what has already happened in the field, as well as to
create an accurate projection of what is going to happen in the immediate and distant future.
When beginning a project, the scheduler creates a base schedule, but as more details are learned
and subcontractors for each trade are on board, the schedule can become much more accurate.
Each subcontractor submits their own schedule, and it is the job of the CM to input that
individual schedule into the master schedule. Gilbane completes what is called a “card trick.” In
this method of creating an overall schedule, a CM brings in a representative from each
subcontractor so that everyone can create the schedule together. This allows for everyone to be in
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the same room and visually see how the schedule is going together and it gives each person a
chance to have an input. This helps to avoid coordination problems in the future because they are
handled those problems at the very beginning. It is also the job of the scheduler to sort through
the schedule to ensure that the logic behind the sequence of activities continues to make sense.
When the project gets moving, the scheduler continuously updates the schedule and reviews its
logic to guide the project to successful completion. In the case of the Recreation Center, Gilbane
has a scheduler that generally comes in monthly to update the schedule. He gathers information
from the members of the project team that are on-site every day and updates the schedule based
on the information he receives from them.

There are many different software programs that can be used to create a schedule, but
Primavera is one of the most commonly used (The Bright Hub, 2011). Primavera is capable of
tracking all the important aspects to a schedule that were mentioned above, such as duration to
each activity, a cost, as well as the relationships between each activity. Primavera also is capable
of tracking different aspects of the project besides schedule, such as cost, contracts, risk
management and document control items. It can do all of these tasks because the software is
capable of integrating with other programs such as E-business suite and JD Edwards Enterprise
One (Oracle, 2011). For contracts, it can track the contract summary to date, change orders, and
payment processing rates. Pertaining to risk management, the software can calculate confidence
levels based on pitfalls commonly associated with the activities within the schedule and
predefined risk factors that are incorporated in the software. For document control, it can help
monitor communication processes such as RFI and submittal turnaround rates, the number of

issues resolved and unresolved, and different actions that must be taken to keep the schedule on
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time (Oracle, 2011). Because of all the benefits that Primavera has to offer, it is of great use for
many projects.

Below, an example of a Primavera schedule can be seen in Figure 3 (Gilbane, 2011). On
the left side of this figure is the list of activities. The activities are broken down by different
scopes of work (Design and Engineering, Procurement, Sitework, etc.). On the right side of the
figure, the duration of each activity is displayed by a horizontal bar that relates to the date the
work will be starting on the top of the screen. Red activities are critical path items and green bars
are all other activities. One more thing that can be identified in the figure is the vertical blue line
that is running through the right side of the figure. This vertical blue line represents the current
date. The presence of this vertical blue line helps each person who views the schedule to

comprehend where the project currently stands.
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Figure 3: Primavera Schedule for Recreation Center (Gilbane, 2011)
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Many schedules implement the Critical Path Method (CPM). The CPM identifies a chain
of connected activities within a schedule that have zero float time. In order for the project to
complete on time, the critical activities must finish on time. If these activities do not get
completed on time, the completion date will be pushed out (Oberlender, 2000). Float is another
important aspect of a schedule. Float can be defined in two different ways: total float and free
float. Total float is number of days that an individual activity can be delayed without affecting
the final completion date of a project. Free float is the number of days that an activity can be
delayed without affecting the earliest start time of the activity linked immediately after it in the
schedule. Quantifying and monitoring both of these float values are important, especially total
float. When the total float of an activity is exceeded, the activity has the potential to become a
critical activity and affect the overall schedule. An example of this can be found in the figures
below. Figure 4 displays a schedule that was created in November 2010. In this figure, it is clear
that the mobilization for the squash and racquetball courts, activity 2346 “Fab/Del — Squash
Racquetball Courts™ is set for November/December 2010. In this schedule, the mobilization and
the succeeding activities are not critical. Activity 2346 is a green bar, which is called an Early
Bar. This indicates that the dates shown in Figure 4 are the earliest that these activities will
begin. In reality, they could begin later, due to their float time, and still finish without impacting
the overall schedule. Also, a schedule displays the relationships that have been established
between the activities. In the column labeled “Successors,” numbers are displayed for each
activity in the respective row, these numbers represent other activities in the schedule that are

going to succeed the activity whose row they are in.
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Figure 4: November 2010 Schedule (Gilbane, 2011)
Figure 5 displays a schedule that was created in August 2011 is shown. CM firms often

update their schedules monthly to ensure that it is accurate and is reflecting what is happening in
the field. At the top of this figure, the schedules regarding the squash and racquetball courts are
displayed. These activities were pushed until August 2011, and this made activity 2346, as well
as the other activities regarding the courts critical path activities. Critical path items are
displayed in red; both “Fabrication/Delivery — Squash/Racquetball Courts” (2346) and “Field

Measurements of Squash/Racquetball courts” (2345) are critical activities.
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Figure 5: August 2011 Schedule (Gilbane, 2011)
In the case of the Recreation Center, the Critical Path, as well as the completion date are

both very important items. Because this is a University project, it must be completed in a timely
manner for many reasons. First, the school has promised its faculty, staff, and students that the
facility would be done by a certain time, Fall 2012. Not only is the community waiting for the
building, but they are also awaiting the restoration of the Quad. The Quad is the heart of many
student activites, as well as a space for a little more parking when it is restored. Another reason,
is that the Recreation Center is a major selling point for the Admissions Office. As soon as it is
completed, the actual building be a selling point to incoming students, but the Quad will also be

restored and will be more asthetically pleasing than the construction that is overtaking half of the
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Quad currently. In Figure 6 below, the critical path for the Recreation Center can be seen. This is
the critical path for the completion of the pool. This figure is only one section of the critical path
document. The complete schedule shows a much longer critical path for the entirety of the
project. The length of the project is about two years (May 2010 — April 2012), therefore only one
portion of the critical path could be captured in Figure 6. The schedule is consistently updated to
reflect the current construction that is occuring in the field. This ensures the CM and the owner

that the critical path is still on track for the final completion date.
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Figure 6: Critical Path for the Pool (Gilbane, 2011)
One final valuable aspect of a schedule is the capability to aid in the computation of an

Earned Value Analysis of a project. An earned value analysis is the comparison of the cost of the
projected work at a certain point in time and the actual units of cost of the work that have been
completed. Using an updated schedule, the quantity of work that has been completed can be
determined and compared to the projected work that was previously planned. This type of

analysis is used as both a cost and schedule analysis (Oberlender, 2000). Gilbane does not use
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the Earned Value Analysis exactly as a type of project controls; they track manpower to track the

progress of the project.

2.3.2 Cost
The original cost of a project is determined by the bid that is submitted by the

Construction Manager. Once a CM is chosen, the CM will create bid packages with individual
scopes of work for different parts of the project that must be done by different contractors. Once
the packages are complete with drawings and contract documents, they are sent to
subcontractors. When these packages are awarded, the actual cost of the project can be
determined. With complex projects, the actual cost associated with the project often cannot be
determined for months due to the complexity of the work. With the Recreation Center, as of Fall
2011, there are 36 awarded packages in place to date. With a project of this magnitude, most
packages are awarded as early as possible, but some are not awarded until later in the process.
This can be because they are not critical to award immediately, or additional scopes of work
were deemed necessary by the owner later in the project.

At the Recreation Center, a Guaranteed Maximum Price (GMP) contract is in place. In this
type of contract, the CM agrees to a fixed completion date, as well as a maximum price that the
project will be completed in without exceeding. In many situations, to guarantee that this date is
kept, an owner will have liquidated damages written into the contract. Liquidated damages are
the price that the CM must pay for every day the project exceeds the specified completion date.
In the Recreation Center, liquidated damages are not involved.

A GMP can be created prior to receiving subcontractor bids or after. For the Rec. Center,
Gilbane chose to make the GMP after receiving the subcontractor bids. With this choice, the

GMP is more accurate because the contractor has the advantage of knowing specific pricing on
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each of the trade packages. This allows for a more accurate price and a smaller chance for
change orders.
2.4 Computer-Aided Engineering

Computer-aided engineering is using a computer to build, design, model, simulate and
analyze engineering projects. Computer-aided engineering has been around since the 1950’s, but
is still gaining popularity as an application in the construction and design fields. Over the years,
the technology has been developed for many different types of fields and specially designed
programs that tailor to a specific trade. A major leader in the development of these programs is
Autodesk (Autodesk Inc., 2011). Autodesk is a company that makes over 50 programs that
manufacturing, architecture, building, construction, and media and entertainment industries use
(Autodesk, 2011). Autodesk’s programs are very popular today due to the open application
programming interface (API), which allows easy file sharing between Autodesk products; file

share is great for the construction field where many different people are involved in one project.

2.4.1 Robot Structural Analysis
Among the many types of programs Autodesk offers, Autodesk Robot Structural Analysis

is used by structural engineers to aid in the analysis of buildings. “Autodesk Robot Structural
Analysis (Robot) is a single integrated program used for modeling, analyzing and designing
various types of structures. The program allows users to create structural models, to carry out
structural analysis, to verify obtained results, to perform code check calculations of structural
members and to prepare documentation for a calculated and designed structure” (Autodesk Robot
Structural Analysis - Getting Started Guide, 2010). Robot uses an open API which allows the
files created in Robot to be transferred to other programs such as Autodesk Revit Structures,
another open API program. Autodesk Revit Structures is a part of the Revit platform for
Building Information Modeling.
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2.4.2 Building Information Modeling (BIM)
Building Information Modeling, more commonly known as BIM, is a three-dimensional

electronic demonstration of a building or construction site. Companies use 3D modeling software
such as Autodesk Revit and Navisworks, to create and/or review their BIM models. The 3D
geometric models are combined with additional information, such as time or money, to create the
most unique applications of BIM. The idea of trying to use computer-generated isometric objects
in construction is not new. The first three-axis computer models were constructed in the 1950s
(Klancnik, 2009). At this time there was no practical software for these models to have any sort
of everyday value. Today, BIM is the most popular construction management tool on the rise. In
the 2009, SmartMarket reported the percentage of companies using BIM in construction went
from 28% in 2007 to 48% in 2009 (Klancnik, 2009). The same report concluded that the number
of U.S. contractors using BIM has almost quadrupled over that same time period.

BIM continues to grow because its greatest asset is that it can be used by all aspects of
construction. It is not another program that is specialized just for contractors, or just for
architects, or engineers. Figure 7 shows how BIM can be used by the owners, the architects,
engineers, contractors, and sub-contractors, all putting in their own information and detail into
the model so that it becomes an overarching work environment that can lead to an increased

construction efficiency.
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Structural Engineers

Figure 7: BIM Contribution Breakdown (Partridge, 2011)
BIM does not change the roles of the players within the project team, but it plays a

significant role in coordinating the different trades to avoid any conflicts found in the proposed
design ahead of time. In the beginning, it takes a lot of work to set up the BIM model with all the
different information, but when done correctly it gets everyone on the same page so that
coordination problems can be solved ahead of time.

When issues are found in a project and an alternate design may be needed, BIM helps cut
down on the time it takes to resolve these issues. Designers can more easily propose an
alternative design and instantly see how it fits into the construction and assess its impact on the
rest of the building. The builders can quickly look at the proposed change and takeoff quantities
for the materials and the man power required to build the new detail. Then the contractor can
quickly access all the information provided and generate a cost estimate for the proposed change,

and investigate how it will affect the schedule of the project. In the case of the WPI Rec Center,
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the BIM model is used mostly for visualizations of how the building will come together. In our

project, the team will use the model for structural, cost, and schedule analysis.

2.4.2.1 Uses in Project Management
Because BIM is still relatively new, not all companies are fully functional with BIM. Its

usage is still growing and on most jobs in 2011, it can be found that the BIM model is used as a
tool mostly by the construction managers (Klancnik, 2009). As of now the major uses of BIM for
general contractors are visualization, coordination, 4D models, and 5D models (Klancnik, 2009).
It is not yet to a point where the structural and mechanical engineers update their portion of the
model, and the sub-contractors update their portions so that the model works as a tool to
integrate the work of everyone. As its usage continues, BIM is expected to reach that potential in
the coming years.

Visualizations are one of the main uses for BIM because they provide an easy way for
everyone to get on the same page on an issue. Sometimes the 2D drawings do not depict or show
an issue that may be in the field, or maybe the owner is not as familiar with the drawings as
everyone else. When the issue is investigated using BIM, anyone who was looking at the
building for the first time would easily be able to understand what they were looking at and what
the issue may be. This type of clarity can cut down on the amount of time that an issue may be
debated; therefore, cutting down on meeting times significantly.

Coordination is another major use of BIM by general contractors. Coordination can be
between trades, or even the coordination of the job site. At the beginning of a project,
coordinating how the job site will be set up is always a big concern. This is because there are
property lines to deal with, along with making sure material deliveries are possible, and many
other coordination issues that the owner will have questions about. With BIM the site plan can be
clearly demonstrated to everyone, including where the trailers will be located, where materials
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storage will be located, and how material deliveries will be made, etc. It is a great way to clarify
the set up of the site, or how the building should be oriented on the property. For example,

Figure 8 shows a site plan that lays out the locations for the cranes, trailers, dumpsters, gates, etc.

Figure 8: BIM Site Plan (Knutson, 2011)
Coordination between the different subcontractors is another current use of BIM by

general contractors. A report can be run within BIM that detects any and all interferences
between the geometric shapes. A perfect example is laid out in the Contractor’s Guide to BIM
where there might be an interference with the way the plumbing and HVAC equipment is
supposed to be installed (Klancnik, 2009). With BIM, the plumbing and HVAC sub-contractors
can be shown the issue through the model and use the model to propose a new design on how to
install the equipment. Figure 9 shows the conflict between the proposed location of the purple
pipe, and that of the grey hangars for the red conduit. Any type of interference like this can be

found early on in the project with the use of BIM.
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Figure 9: Interface Detections (Hope, 2010)
Without BIM, this issue may not have been discovered until the materials were on site

and ready to be installed; therefore, causing a delay in the project as well as a potential change
order. For the Rec Center, BIM is not a contractual requirement. Cannon provided a BIM model
with no contractual ties in it to Gilbane. Gilbane then refined the model so that they could use it
as clash detection for the mechanical, electrical, and fire protection trades.

4D and 5D models are the most current uses for BIM by general contractors. The most
popular and practical model is the 4D model. The 4D model consists of taking the 3D model and
adding in the element of time. This works by importing the project schedule into the 3D model,
causing the different portions of the building to be linked to a certain duration and order. This is
a good tool for visualizing the progress of a building over time; as well as, exploring the effect
on the schedule when a certain area of work is delayed or changed. 5D models include
expanding the 4D model by adding the element of cost. Currently, this method is not used as
frequently because the types of estimating software that are used are not compatible with BIM.
The advantages of this method in the future will be the ability to quickly assess the impact to the

schedule and cost when an area of work is changed. This will help to more accurately project the
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end date and final cost of each project. In the project, our team will be using the WPI Rec Center
model and schedule to create a 4D model that shows the existing and new design. The group will
also look into the feasibility of creating a 5D model by adding the costs of the new and existing

track designs.

2.4.2.2 Uses in Structural Engineering
Although BIM is primary used by construction managers, structural engineers and firms

are quickly realizing its potential as well. BIM is enticing for engineers because it uses object-
oriented programming paradigm (Nelson and Schinler, 2008). This means that the 3D model of
the structure possesses all the information and functionality of each of its members. For example
it knows the material, section properties, location in the building etc. From a structural point of
view BIM is used for coordination, documentation, analysis and design.

Similar to project management, coordination of all the aspects of the project assists the
structural engineer as well. Coordination between the architects, structural, and mechanical
engineers results in better decision making based on actual and current designs. This
coordination also allows for better updating and changing between programs and designs. This
results in reducing time and conflicts because everyone is using the same model.

Documentation is the only aspect that the structural engineers have complete control over
because it is based on their work and analyses (Nelson and Schinler, 2008). Since the BIM model
can hold all the information and functionality of each member in the structure, it can easily be
found all in one place. This makes documentation much easier because everything is in one file.
This kind of documentation is also good because if changes are made later in the project,
changes are applied to the entire design and documentation. However documentation does have
its flaws in BIM. Repeating members in a structure will be documented individually, when

traditionally usually a single drawing would have sufficed. Also, many structural companies take
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pride in the way they present their drawings, and BIM has limits for the presentation of the

drawings.
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3 Methodology

The methodology section explains how our group plans to use structural computations and
programs to implement an alternative design for WPI’s suspended track. The section on project
management clarifies how we will conduct a schedule and cost analysis of the new alternative
design to compare with the existing design. It also describes how we plan to use computer
programs such as Revit to visually display the comparison between the current design and new
design, as well as use Robot to analyze the structure to insure its structural integrity.

3.1 Structural Evaluation

The structural evaluation portion of our methodology highlights the various processes that
we must accomplish to implement our alternative suspended track design. The various types of
alternative solutions are evaluated based on the application of mechanics and an understanding
of structural systems, then cross referenced and filtered down to the most viable system: the
cantilever method. We further investigate the cantilever method and describe the necessary
procedures associated with implementation of this system such as the calculation of new beam

sizes, and the analysis of the effect that the change will have on the rest of the building.

3.1.1 Alternative Suspended Track System
The fourth level of the WPI Recreation Center has a large multipurpose area available for

the student body. The suspended track on the upper portion of the fourth level is currently
supported by underneath beams and vertical suspension supports which are connected to most of
the roof trusses. The design of these components is intertwined, and changing one component
will likely have an impact on and require a change to all the rest. Our project will investigate an

alternative support system for the suspended track which will unite various concepts of the
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structural and project management fields. The beginning of our project starts with identifying
feasible solutions for the support system of the suspended track.

The three proposed alternative support systems previously mentioned in the Background
section are all considered for our substitution. The first system mentioned is column supports.
When looking at the need of WPI’s Recreation Center, one of the main restrictions is size. The
building was limited to a certain lateral area thus restricting the fourth and fifth levels of the
building. The current design of the fourth level has the suspended track overhanging the outer
area of the basketball courts. Since the current system is supported from overhead, recreational
users of the gymnasium have the ability to move freely underneath the track. If column supports
were implemented, it would pose a great danger to people utilizing the basketball courts and
Mondo floor. They could possibly hurt themselves during recreational use of the courts or by
merely not paying enough attention. For this one crucial reason, the column support system is
not the best alternative for the suspended track. All floor mounted methods pose this potential
danger, and other overhead methods should be implemented instead.

A common support system associated with bridging is trusses. This alternative would
definitely eliminate the previous danger of possible injury to the people utilizing the facilities.
Some aspects to consider when implementing a truss system are the large amount of labor
associated with the fabrication and assembly. A major expense for the construction of a building
is the amount of time and money associated with labor. Putting a lot of time and money into a
simple support system of a minor component may not be worth the effort. Another disadvantage
to consider is the amount of space that the truss will occupy under the track. If the trusses take
up a lot of space, and become a hazard for people walking underneath them, then the overall

height of the building will be extended to compensate for the depth of the truss. Additionally, if
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the overall height of the building is increased, the ancillary costs would increase. Also, having
these trusses exposed may be acceptable to the owner and architect, but if it is not, then one must
consider the options for concealing the units. Hiding a truss unit is viable, but one must also
consider the costs of all the materials and labor needed to complete such a task.

Another overhead system that can be concealed easily and is simple to install is a
cantilever system. One of the most crucial aspects of the cantilever system is the beam shape
and size implemented. When purchasing steel, a large beam means more costs and because each
individual beam will be supporting the majority of the loading it is important to choose the
smallest beam possible without compromising the structural integrity of the track. Also, one of
the most important structural loadings that must be considered when implementing a cantilever
system is the fixed-end moment acting on the supporting structure.

An analysis of the previous alternative methods brings us to the conclusion that a
cantilever system is probably the most effective system when compared to the current suspended
track. Now that we have established which system should be analyzed and implemented, we
must look further into the effects that this system will have on the fourth and fifth levels of the
building.
3.1.1.1 Cantilever Alternative

The new cantilever system will be relatively simple to implement because it closely
resembles the proposed suspended track system. The cantilever system will take the current
suspended track system, remove the vertical suspension components and strengthen the beams
underneath to compensate for the additional loading and revised load path.

Figure 10 presents an enlarged section of the suspended track including structural
elements for both the straight-aways and complex corners. The current floor beams that are
located underneath the track are perpendicular to the wall and are the primary supports for the
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loading on the track. According to the proposed design, these floor beams are estimated to be
W10x19 sections. The joists that connect each of these perpendicular beams limit rotation,
movement, and estimated at W10x22 sections. Our plan is to determine the loads associated
with the track and properly calculate for new joists and girders. The larger cantilever beams will
connect to both the columns and the spandrel girders of level four. They will be attached in a
similar bolt and welding fashion, but of course will be strengthened where necessary. The track
will be connected to the cantilever in the same technique as the suspended track.

The corners of the track are the most complicated area because of all the intricacies, but it
will be assessed and revised similar to the straight-aways. Finally, the diagonal W10x22 beam
will probably be changed because of the different type of forces applied to the track.

The cantilever system will be encased in the same manner as the suspended track beams.
It is necessary that these beams will be larger than the previous joists and girders, resulting in an
increased cost in steel. This is one of the main factors of our new implementation that we will
analyze further in the project management portion of our project.

One main component of our project is to utilize Robot and Revit to minimize human error
and find simple solutions to complicated problems, quickly and correctly. Since our working
knowledge of these new programs is limited, we will breakdown the complex 3D structure into
multiple 2D systems to simplify the structural analysis. We will create an “analytical model” of
the suspended track in Revit which will establish a model that can be analyzed freely in two
dimensions. Different sectional views of the track will give us planar frames that will be
analyzed and translated through the entire project. Also, breaking the structure into 2D
components will eliminate any complicated boundary conditions necessary to avoid global and

local instabilities in a 3D model.
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A final obstacle that we must solve is the topic of dynamic loading of the track. The track
will be a very popular feature of the new recreation center and events like Relay for Life could
pose an extreme loading case. These extreme cases should be examined due to the large number
of people walking around the track.

These alterations to the suspended track system will inevitably have an impact and
require a change to all components connected to it. The first dimension that will be affected by

the new support system is the roof trusses.

Figure 10: Suspended Track Section

3.1.1.2 Roofing System & Cantilever Canopies
The proposed roofing system accommodates for a suspended track, but with our

alternative design, a reanalysis of the roof trusses will be in order. The truss configuration
designed by Canon (the Architect on Record) was specifically designed, but now that there is

less loading associated with the roof, it may be necessary to investigate the elements of the roof
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truss to potentially minimize steel and labor costs. If the load change is minimal, a redesign of
the roof truss would be unnecessary. There are many factors to consider when analyzing the roof
such as the variable live loads (snow, wind etc.) and the dead loads (building materials and
HVAC units).

The cantilever canopies represented in Figure 11 are supported by some of the same
components as the track. The cantilever canopies are an additional component added to the
building to increase aesthetic appeal and increase the lighting of the building. To maintain the
aesthetic component added by the owner and architect, we must insure that cantilever canopies’

supports are not compromised by the new alternative track system.
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Figure 11: Cantilever Canopies

123



WPI Recreation Center

3.1.1.3 Robot and Structural Analysis and BIM
The BIM model from a previous MQP, WPl Recreation Center: Construction

Management and Alternative Design Analysis will be used as a starting point for our model.
Using this Revit file, we will select sections of the current design to be transferred to Robot for a
structural analysis. The alternative design will be built in Revit then selected sections will be
transferred to Robot for structural analysis and design evaluations. The two designs will be in
separate files but undergo the same analysis and procedure detailed below. Using Robot all of the
code-specified design loads and load combinations will be applied to both models and analyzed.
Robot then will produce a member report based on code and specification compliance and
identify members that are over stressed for each design. These members will be redesign to fit
all codes and specifications for structural integrity. Additionally, this process of correcting over
stressed members will be repeated until the entire alternative design has been successfully
created. We will then compare the two reports to each other. After the structural analysis the
Robot files will then be transferred back into their respected Revit or BIM files, the current
design and the alternative design. This will update the Revit files with the new structural analysis
information which will be useful to reference when needed because all the information about any
member can be located if that member is selected. This will help keep the project organized and
controlled.

Before we can start with this process, we will take a measured approach to using Robot,
because the group is unfamiliar with it. Our group will do a test of the software to ensure the
models can be moved back and forth between Revit and Robot. To test out the software, we will
create a simple 2D design, with columns and girders in Revit, and then transfer it to Robot. We
will analyze it in Robot and transfer it back to Revit. This small step will help us to see the

challenges we will face when working with the bigger model.
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3.2 Project Management
After the alternate design is created, our group will evaluate the differences in cost and
schedule between the current and proposed design to determine which approach is more
beneficial to the project. In order to evaluate the cost differentials, we will first obtain the actual
cost of this portion of the building as designed by Cannon. Our group only has access to the total
fabrication and erection contract for the structural steel throughout the entire building, but we
only want to consider the cost to fabricate and erect the steel pieces that are being used for the
track section. We will find the cost per volume of steel for the whole building; we will then
apply those unit prices to the volume of steel for the track portion. For the alternate design, we
will analyze information from cost data books that have costs for each step of the process of
fabricating and erecting the steel on site. As a check to our estimate on the alternative design, we
are going to use our methods of cost estimating for the existing design to make sure it is
comparable to the cost of the actual design. After establishing an estimate for our design, we will
compare the costs to see if the new design was more or less expensive than the actual design.

We will then compare the schedule differences. We will obtain the actual
schedule from Gilbane as a base schedule. To create a new schedule based on the alternate
design, we will analyze the existing schedule, as well as watch the footage from the video
cameras that are taping the site to determine durations for different activities. We will also look
at the productivity notes from Gilbane to help us create a more precise schedule. This will allow
us to determine if our design will take more or less time than required for the actual construction.
We will use Primavera to create our schedule.

Based on the new schedule, our group will also be able to determine if the new design

will affect any other aspects of construction. If the new design has any effect on other trades and
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the way they are constructing their part of the project, it may change the critical path of the

overall project. These will all be things that we will look at through the analysis of the schedule.

3.2.1 Project Management and BIM
Once a new alternate design has been proposed for the suspended track and roof,

our group will use Autodesk Revit and BIM to show a visual of our cost and schedule analysis.
Using the BIM model of the recreation center our team will import the Primavera project
schedule to create a 4D model displaying the construction of the recreation center over time.
Using the 4D model the group will show the construction of the suspended track and roof in
different stages as it was originally proposed and built. The team will then compare the sequence
and time for erecting the original design with those for the proposed alternate design. This
comparison will be shown by taking a screenshot of each BIM model at a consistent time
interval.

The group will also perform a cost analysis of the original track and roof compared to our
alternate design. Creating a 5D model to show the cost of the two projects at different stages is
something that our team will investigate to see if it is plausible with the technology that is
available. As mentioned in the Contractor’s Guide to BIM creating a true 5D model with the
available technologies is not as beneficial as a 4D model. It is usually not beneficial to create a
whole 5D model for a project because of how much more effort it takes than a 4D, without that
much more of a reward. But because our team is only looking at a portion of a project it may be
beneficial to create a 5D model for the construction of the suspended track and roof.

3.3 Group Responsibilities and Term Schedules
Our group consists of four members, all majoring in Civil Engineering. Two of our

members are concentrating on the Structural aspects of Civil Engineering and the other two are
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focused on the Construction Management aspects. Table 2, below, illustrates how our project

will be broken down amongst the four members.

Table 2: Responsibility Breakdown Chart
Topic Responsibility

STRUCTURAL

Existing Design Sean Minor, Suzanne

Analysis Najem

New Design Sean Minor, Suzanne

Analysis Najem

CONSTRUCTIO

N MANAGEMENT

Cost  Analysis of John Flynn, Kathryne

Existing Kulzer

Cost  Analysis of John Flynn, Kathryne

New Kulzer

4D of Existing John Flynn, Kathryne

Kulzer

4D of New John Flynn, Kathryne

Kulzer
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Also below, are our planned schedules for A through C terms. The term schedules
sequence of the scope of work, which includes collecting data, analyzing the existing solution,

developing and evaluating alternative solutions, and writing the report.

A TERM

8/29-9/2 | 9/5-9/9 | 9/12-9/16 | 9/19-9/23 1 9/26-9/30 | 10/3-10/7 | 10/10-10/14

Activity M|T|W|[T[FIM|T|[W|[T[FIM[T|[W|[T|[FIM|T|W|T|FIM|T|W|[T[FJM|T|W|[T|FJM[T|[W|[T]|[F
Meetings

11 AMin Kaven

9 AM with Dana

10 AM in Libracy

9 PM in Libaacy

3 PMin Libracy

1 PM Owners Meeting

Research/Data Collection
Obtain /Familiarize Dzawings
Obtain/Familiacize BIM
Obtain/Familiacize Robot
Reseacch Existing Desion
Reseacch Altemate Desion

Weiting

Backgronad

Methodology

Intro

Discussion

Submit Rough Proposal (5PM)
Review and Edits
Edit Proposal

Submit Final Proposal
B TERM
10/24-10/28 | 10/31-11/4 | 17 | 1yieas | 11728122 | 12/5-12/9 | 12/12.12/16
Activity Antor (M| T|W|T|F|M|T|W|T|[F|M|T|W|T|[F|M|T|W|[T|F|M|T|W|T|F|M|T|W|[T|FJM|[T|[W|[T|
et
4 PM in Kaven B

1 PM in Forkey C. Room
Gronp Meetings TED

Project Work
Become Acch d with Robot SN, SM
Familiasize with Actmal Design ALL
Create Alternate Design SN, 5M
| Compile Ussit Cost for Wask K F
Cost Est for Existing Design KK JF
Create Schedule for Design K JF
Familiasize with Rewt ALL
Create Revit Model S
Cost Takeoff of Alt Design KILJF
Tntegzate Schedule/ Cost KL JF

Weiting

Update Report Based o Progress
Submit Wosk-to-date MQP Cmuiline
Proposal Completed

Bl

Figure 13: B Term Schedule
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116120 | 1025127 1/30-2/3 | 2/6-2

2/13-2/17 | 2/20-2/24 | 2/27-3

Activity

2/10 |
m|T|wlT|Flu|T|w|T]Flu{T]{w][T|[e]u|T|[w|[T]F]a]

Tlw|T|[elu|[T|[w|[T|F]u|T|w]T][F

Meetings

11 AM in Kaven

1 PM in Forkey Conference Room

Group Meeting: TED

Project Work

Analvze Cost/Schedule Estimates

Compare Costs with Actual Design

Compare Schedule with Actual design

Look at potential for 4D/5D Model

Review All Aspect: of Project

Weiting

Update Paper bazed on Progres:

Submit Final MOQF Paper

Figure 14: C Term Schedule
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4 Discussion

The discussion section explains the guidelines that WPI Department of Civil and
Environmental Engineering lays out so the students can meet their capstone requirement through
their Major Qualifying Project. This section explains how we plan to meet our capstone
requirements. It also touches upon the constraints that we will face throughout the duration of
our project.

4.1 Capstone Design

Worcester Polytechnic Institute is known for its project-based learning system. There are
three major projects that each student must complete in order to graduate. The Major Qualifying
Project (MQP) is usually the final year or senior year project that each student completes. The
MQP should demonstrate application of the skills, methods, and knowledge of discipline to the
solution of a problem that would be representative of the type to be encountered in one’s career.
(WPI, 2011).

Our group consists of four members with two members’ concentration in structural design
and two members’ concentration in project management. Half of the project will cover aspects
that are related to structural engineering, such as evaluation of loading types and design. The
other half of the project will cover project management topics, including cost analysis,
scheduling, and considerations for the constructability of the design. The halves are intertwined
through the general field of construction. Each half will demonstrate the knowledge learned from
previous classes but will build off that knowledge to foster a capstone experience needed to

complete this specific project.
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Another potion of completing the MQP is addressing the eight realistic constraints given

by the Civil Department adopted out of the ASCE commentary. Error! Not a valid bookmark

self-reference. outlines the constraints we will specifically address in our project.

Table 3: Project Constraints

Constraint

Description

Economic

We will look at the economic constraint through
our cost analysis of the current design verses our design.

Sustainability

The current construction process of the New
Recreation Center is incorporating LEED aspects. We will
do the same in our design.

Manufacturability/Constru This applies to how we design the supporting frame

ctability

work for the track and the material we select for it. We will
demonstrate the constructability by using standard member
sizes.

Health and Safety

This applies to our design and making sure we
follow building codes to ensure safety and structural
integrity of the track.

Social

This applies to the uses of the track and how it will
be used in a social setting. For this constraint we will look
into extreme loading cases that could potentially happen on
the track itself.

4.3 References

We are going to use the following sources as references for our project:

Table 4: Sources Utilized for the Project

Source

Description of Use

Dana Harmon

Dana Harmon is the Athletic director at WPI and can
gave information about the needs for the project through WPI's
perspective and other general information relating to the start up
of the building.

Cannon This company is the Architect of Record for the WPI
Recreation Center and they can provide various structural details
about the project that are relevant and are also not shown in the
drawings.

Gilbane This company is the Construction Manager for the

Recreation Center, and they also can provide with relevant
information about the building as well as periodic tours through
the building process.
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Western
England College

New

WPI Recreation Center

This college's recreation center is similar to WPI's. We
will use their suspended track as a visual aid and a reference to
absorb the environment and compare it to our own.

Primavera

This program will be used in the Project Management
portion of our project. It generates a schedule of all the tasks
needed to complete the project with appropriate time and job
overlap.

Revit

This program is the foundation for BIM. There are also
many Revit files from Gilbane and Cannon illustrating the
structural design of the Recreation Center.

Robot

This is a new program that analyzes the various structural
aspects of constructing a new building. Its cross over to Revit
could lead to a advancement in BIM and construction
management.
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Appendix B: Exported Information from Revit

Column Information
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Quantity | Length | Type Volume Tot. Vol.
46 | 11.125 | HSS1.900x0.120 0.05 | CF 2.3
16 | 17.375 | HS8S81.900x0.120 0.07 | CF 1.12
42.333 | W12x120 103 | CF 10.3
42.333 | W12x152 13.07 | CF 13.07
2| 29417 | W12x40 2.35 | CF 4.7
20.833 | W12x53 221 | CF 2.21
21.333 | W12x53 2.26 | CF 2.26
28.583 | W12x53 3.03 | CF 3.03
28.958 | W12x53 3.07 | CF 3.07
36.583 | W12x53 3.87 | CF 3.87
36.667 | W12x53 3.88 | CF 3.88
37.042 | W12x53 3.92 | CF 3.92
28.161 | W12x58 3.27 | CF 3.27
2| 28.500 | W12x065 3.72 | CF 7.44
2| 29.000 | W12x65 3.78 | CF 7.56
9 | 33.083 | W12x65 432 | CF 38.88
2| 33.583 | W12x65 477 | CF 9.54
4| 28.500 | W12x72 412 | CF 16.48
9| 33.583 | W12x72 4.86 | CF 43.74
42.333 | W12x87 74 | CF 7.4
2| 33.833 | W12x96 6.56 | CF 13.12
Volume in CF 201.16
Volume in Tons 49.28
STRUCTURAL
FRAMING
SCHEDULE
Tot.
Quantity Length | Type Volume Vol
1 0.333 | W18x40 0.01 | CF 0.01 | CF
1 1.667 | W10x12 0.03 | CF 0.03 | CF
11 1.667 | W12x19 0.05 | CF 0.55 | CF
2 1.000 | W18x40 0.06 | CF 0.12 | CF
1 1.000 | W18x40 0.07 | CF 0.07 | CF
12 4.583 | W12x19 SP 0.14 | CF 1.68 | CF
1 5.833 | W10x22 0.16 | CF 0.16 | CF

136



WPI Recreation Center

4 5.661 | W10x22 0.2 | CF 0.8 | CF
21.2-1/2x2-

89 | 11.630 | 1/2x5/16 0.22 | CF 19.58 | CF
5 5.833 | W10x19 0.22 | CF 1.1 | CF

21.2-1/2x2-

87 | 11.630 | 1/2x5/16 0.23 | CF 20.01 | CF
3 5917 | W10x19 0.23 | CF 0.69 | CF
1 6.000 | W10x22 0.24 | CF 0.24 | CF
1 5.833 | W12x19 0.24 | CF 0.24 | CF
3 7.667 | W10x19 0.25 | CF 0.75 | CF

12 7.667 | W12x19 0.25 | CF 3| CF
3 7.417 | W14x22 0.29 | CF 0.87 | CF
2 7.833 | W12x19 0.3 | CF 0.6 | CF
1 7417 | W14x22 0.3 | CF 03| CF

22 7.667 | W10x22 032 | CF 7.04 | CF
1 8.000 | W14x22 0.34 | CF 0.34 | CF
1 7.667 | W12x26 0.37 | CF 0.37 | CF
3] 10.651 | W10x19 0.38 | CF 1.14 | CF

10 | 10.667 | W10x19 0.39 | CF 39| CF
1] 10.667 | W10x19 0.4 | CF 0.4 | CF

33 9.667 | W10x22 041 | CF 13.53 | CF
2| 10.667 | W10x19 0.42 | CF 0.84 | CF

11 9.667 | W10x22 0.43 | CF 473 | CF

27 | 11.667 | W10x19 0.44 | CF 11.88 | CF

29 | 11.651 | W10x19 0.45 | CF 13.05 | CF
2] 10.750 | W10x22 0.45 | CF 09| CF
2] 11.682 | W10x19 0.46 | CF 0.92 | CF
9| 10.750 | W10x22 0.46 | CF 4.14 | CF
5| 10.750 | W10x22 0.48 | CF 24 | CF
2| 10.755 | W16x26 0.53 | CF 1.06 | CF
2| 10.750 | W16x26 0.54 | CF 1.08 | CF
1 7.422 | W21x44 0.54 | CF 0.54 | CF
1 7.464 | W21x44 0.57 | CF 0.57 | CF
2 8.000 | W18x40 0.62 | CF 1.24 | CF
2| 17.490 | W10x19 0.65 | CF 1.3 | CF
2| 17.667 | W10x19 0.66 | CF 132 | CF
2| 13.969 | W16x26 0.68 | CF 1.36 | CF
1 8.000 | W18x50 0.73 | CF 0.73 | CF
2| 14.000 | W14x30 0.79 | CF 1.58 | CF

11 | 19.047 | W14x22 0.81 | CF 8.91 | CF
2] 21.500 | W14x22 091 | CF 1.82 | CF
1| 21.500 | W14x22 092 | CF 0.92 | CF
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21 13995 | W16x36 0.95 | CF 1.9 | CF
1| 21.214 | HSS6x6x3/8 1.05 | CF 1.05 | CF
3| 22.693 | HSS6x6x3/8 1.06 | CF 3.18 | CF
2| 22.255 | HSS6x6x3/8 1.07 | CF 2.14 | CF
4| 21.495 | W16x26 1.08 | CF 432 | CF
1] 14.000 | W14x43 1.1 | CF 1.1 | CF
1] 21.859 | HSS6x6x3/8 1.11 | CF 1.11 | CF
1] 17.083 | W18x35 1.2 | CF 1.2 | CF
1| 11.292 | W24x55 1.2 | CF 1.2 | CF
1| 17.089 | HSS7x7x1/2 1.25 | CF 1.25 | CF
6| 19.047 | W18x35 1.29 | CF 7.74 | CF
1 8.000 | W27x84 1.32 | CF 132 | CF
1] 19.333 | W18x35 1.36 | CF 1.36 | CF
1] 19.766 | W18x35 1.39 | CF 1.39 | CF
6| 19.333 | W18x40 1.47 | CF 8.82 | CF
2| 21.500 | W16x36 1.48 | CF 296 | CF
1] 20.151 | HSS7x7x1/2 1.52 | CF 152 | CF
1| 224120 | HSS7x7x1/2 1.64 | CF 1.64 | CF
2] 21.500 | W16x40 1.65 | CF 33| CF
1| 24458 | HSS7x7x1/2 1.68 | CF 1.68 | CF
1| 24401 | HSS7x7x1/2 1.69 | CF 1.69 | CF
1 8.000 | W27x84 1.75 | CF 1.75 | CF
1| 24.057 | HSS7x7x1/2 1.81 | CF 1.81 | CF
1| 24104 | HSS7x7x1/2 1.82 | CF 1.82 | CF
1] 19.333 | W18x50 1.84 | CF 1.84 | CF
1] 25.672 | HSS7x7x1/2 1.88 | CF 1.88 | CF
1| 24130 | HSS7x7x1/2 1.89 | CF 1.89 | CF
1] 25.667 | HSS7x7x1/2 198 | CF 198 | CF
2| 25.042 | HSS7x7x1/2 201 | CF 4.02 | CF
1| 27.755 | HSS7x7x1/2 2.02 | CF 2.02 | CF
1] 19.333 | W24x55 2.03 | CF 22.33 | CF
1| 25359 | HSS7x7x1/2 2.04 | CF 2.04 | CF
1| 27.167 | W18x40 211 | CF 211 | CF
2| 28.094 | HSS7x7x1/2 221 | CF 442 | CF
8 | 19.333 | W24x062 2.28 | CF 18.24 | CF
1] 29.474 | HSS8x8x1/2 2.6 | CF 2.6 | CF
1| 27.167 | W18x50 2.66 | CF 2.66 | CF
1] 19.333 | W24x76 281 | CF 2.81 | CF
1| 19.333 | W27x84 311 | CF 3.11 | CF
1] 19.333 | W27x84 3.12 | CF 312 | CF
1] 18.667 | W33x118 437 | CF 437 | CF
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1] 21.500 | W33x118 511 | CF 511 | CF
1] 21.250 | W306x135 5.61 | CF 5.61 | CF
1] 26333 | W33x118 6.14 | CF 6.14 | CF
1] 27.167 | W33x118 6.21 | CF 6.21 | CF
Volume in Tons 73.64
Volume in CF 300.57
STRUCTURAL
TRUSSES
SCHEDULE
Tot.
Quantity Length Type Volume Vol.
21.3-1/2x3-
49 0.125 | 1/2x5/16 0.12 | CF 5.88 | CF
21.3-1/2x3-
50 0.464 | 1/2x5/16 0.13 | CF 6.5 | CF
21.3-1/2x3-
48 6.698 | 1/2x5/16 0.14 | CF 6.72 | CF
21.3-1/2x3-
47 6.932 | 1/2x5/16 0.15 | CF 7.05 | CF
21.3-1/2x3-
24 7.167 | 1/2x5/16 0.15 | CF 3.6 | CF
50 6.255 | 21.4x4x3/8 0.17 | CF 8.5 | CF
1 0.125 | 21.4x4x3/8x3/8 0.17 | CF 0.17 | CF
21.3-1/2x3-
196 8.682 | 1/2x5/16 0.18 | CF 35.28 | CF
100 8.016 | 21.4x4x5/16 0.18 | CF 18 | CF
21.3-1/2x3-
4 0.698 | 1/2x5/16 0.19 | CF 0.76 | CF
49 8.500 | 21.4x4x5/16 0.19 | CF 9.31 | CF
21.3-1/2x3-
1 7.167 | 1/2x5/16 0.2 | CF 0.2 | CF
1 6.932 | 21.4x4x3/8x3/8 0.2 | CF 0.2 | CF
50 8.500 | 21.4x4x5/16 0.2 | CF 10 | CF
21.3-1/2x3-
4 8.682 | 1/2x5/16 0.22 | CF 0.88 | CF
28 8.370 | 21.4x4x3/8 0.22 | CF 6.16 | CF
50 8.552 | 21.4x4x3/8 0.23 | CF 11.5 | CF
8.370 | 21.4x4x3/8 0.24 | CF 0.24 | CF
5 8.370 | 21.4x4x3/8 0.25 | CF 1.25 | CF
17 8.370 | 21.4x4x3/8 0.26 | CF 442 | CF
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1 24.505 | WT10.5x46.5 227 | CF 227 | CF
3 24.505 | WT10.5x46.5 2.28 | CF 6.84 | CF
25 24.505 | WT10.5x46.5 229 | CF 57.25 | CF
21 24.505 | WT10.5x46.5 23| CF 48.3 | CF
50 27.833 | WT10.5x41.5 2.33 | CF 116.5 | CF
11 29.172 | WT10.5x41.5 234 | CF 25.74 | CF
25 29.172 | WT10.5x41.5 24 | CF 60 | CF
10 29.172 | WT10.5x41.5 241 | CF 241 | CF
4 29.172 | WT10.5x41.5 244 | CF 9.76 | CF
25 49.000 | WT10.5x46.5 4.6 | CF 115 | CF

Volume in Tons 147.58

Volume in CF 602.38
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Appendix C: How to Export Quantity “Schedules” From Revit

Step 1: Choose the View Tab in Revit.

The Schedules button will be on the right side of the task bar.

> E & B =

3D _ Section Ca ¢ Drafting Elevatic Plan _ Duplicate  Legends §S5chedules
View View d Views View o b
Create

Step 2: Choose the Schedules button and when it drops down, select

“Schedules/Quantities.”

It is underlined in blue.

Track and Effected Roof Steel.

Schedules |“cope | Sheet

W
[a)
=
m
o
£
o
o
c
o
>
-
=
]
w
T

T

=1
= Material Takeoff

| Sheet List
Note Block

i ‘1V' List
L iew Li

Step 3: Choose which type of schedule you would like.

A small window will pop up and it is possible to scroll and choose from many types of schedules

to take quantities of. As seen below, Structural Columns were chosen.

141



WPI Recreation Center

& al
New Schedule @

Category: Name:
Gutters 4 Structural Column Schedule
Rooms
= Site (@ Schedule building components
Property Line Segments @ Schedule keys
Property Lines o
Specialty Equipment ‘ ‘
Stairs
Structural Columns SRy
Structural Foundations .
Structural Framing [! [New Construction v]
Topography “"' |
i |2 wals B
Wall Sweeos X

[] sShow categories from all disciplines

Step 4: Choose the categories to be exported.
These options will pop up in another window. The figure below on the left is the initial window

that will pop up. The figure on the right shows how it looks after different properties have been

added using the “Add” button.

Schedule Properties R Schedule Properties X

Fields |Filter | Sorting/Grouping | Formatting | | || Fields [Fiter | sorting/Grouping | ¢ ing | Appearance |
Available fields: Scheduled fields (in order): Available fields: Scheduled fields (in order):
Cost - Add > Keynote - Add —> Family ~
Count Manufacturer Length
T | vodel rEr—
Kaml y;n ype OmniClass Number
L:r‘{gg‘ = OmniClass Title
Manufacturer TopLevel F
Mark L3 Top Offset |
OmniClass Number E‘l{te Mark ‘ arameter...

E OmniClass Title Al Calculated Value... | 5
bobrer Eil | | - | | calaated Value...
3 Edit.., Delete Edit... Delete B
= Edit... Delete Edit...
Select available fields from:
ey = oo Move D Select available fields from: —
[Svuclural Columns v _Move Up Move Down
[ 1indlude elements in linked files
| [ indude elements in linked files
ok J[ conc ][ b ]
(o J[ concel J[ oo |

Step 5: Export the schedule shown out of Revit.

By clicking the large R that represents the main menu in Revit. The picture shown below has all
of the necessary items highlighted in blue. In the background, what the schedule of the columns
will look like can be seen when it appears. Once the “Schedule” button is selected to export, a

window will appear asking where the document should be saved.
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3)=] te Colaborate Ve

| Create exchange files and sets options.

D New 3 CAD Formats 3
Create DWG, DXF, DGN, or SAT files.

@ Open » DWF/DWFx _

Create DWF or DWFx files,

2@ S -2 =2l OA 80 F &H -

L.
Building Site i Volume

Exports an ADSK exchange file,

=
266 CF
g Save As > T Images and Animations N 1.47 CF
:] Saves animations or image files. 1.29 CF
1.29 CF
= Export 3 % Reports < ™Schedule
Saves a schedule or Room/Area report, ==
|z Room/Area Report

[ -
@ Publish » FBX 138 CF
Saves a 3D view as an FBX file. 129 CF
0.81CF
@ Print ’ gBL gbXML 1.47 CF
= Saves the project as a gbXML file, 0.79 CF
0.81CF
dp Licensing 3 Mass Model gbXML 0.92 CF
( | | Saves the conceptual energy model as a 0.91CF
gbXML file. 0.79CF
D 0.62 CF
Close IFC 147 CF
= 0.81CF
—— [* 0.81CF
| Options 1 | Exit Rewt‘ 0.81CF
et e T - 0.81CF

Step 6: Putting the schedule information into Microsoft Excel.
The information will export as a .txt document. If you highlight all of the information exported
and paste it into Excel, Excel will organize the information into different rows and columns.

From this point, the information can be organized and used as it wanted by the user.

If only certain Phase information is wanted follow the next instructions.

Step 7: Go to the properties toolbar on the left side of the screen.

After producing the schedule look to the left side of the screen in the properties toolbar.
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Properties ] Structural Framing Schedule 2
Family and T:  Length Volume

~ W-Wide F 19 - 4" 129 CF

W-Wide F 19'- 4" 1.29CF

W-Wide F 19'- 4" 147 CF

Schedule: Structura "] Edit Type W-Wide F 19'-4" 1.29 CF

View Name Structural Fra... | » W-W!de £ WE-RONEC LI CE

W-Wide F 19 - 4" 1.47CF

Dependency Independent Wiiiie B T Ta 158 6F

Default View ... i None — | I'Wiwide F P 155 CF

Workset View "Sched... W-Wide F 19~ 4" 0.81CF

Edited by jflynn W-Wide F  i19'-4" 1.47 CF

Phasing A W-Wide F i 14'-0" 0.79CF

Phase Filter Show All W-Wide F :21°-6" 0.81CF

Ehest LTI | o

-Wide - .

Ot.her = 8 : W-Wide F 14'-0" 0.79CF

e ‘ Wilkide F 8 0F 0.63 CF

Filter W-Wide F (19'- 4 1.47 CF

Sorting/Grou... [ Edit.. __J| || [WiWide F 115 % 0.81 CF

Formatting Edit... || [wewide F T 0.81 CF

Appearance | Edit... W-Wide F 19" -4" 0.81 CF

& W-Wide F 19'-77/16" : 0.81 CF

Properties help apply | | [WWide 190 9i16" " 0.81 CF

= W-Wide F 19 -4 0.81 CF

Step 8: Choose the Phase that you want the information from.

There should be a dropdown menu where the blue circle is on the following figure. From the
dropdown, any phase can be selected.

Properties @ Structural Framing Schedule 2
Family and T: Length Volume
i - W-Wide F 19 - 4" 1.29 CF
W-Wide F 19 - 47 1.29 CF
W-Wide F 19 - 4" 1.47 CF
Schedule: Structura v] Edit Type W-Wide F  :19'-4" 1.29 CF
View Name Structural Fra... | a W-W!de bl 12203160, 129 CF
W-Wide F 19 - 4" 1.47 CF
Dependency Independent T TRT T T 158 ER
Default View ... i None | FWowide e 159 CF
Workset View "Sched... W-Wide F 194" 0.81 CF
Edited by Jflynn W-WideF  (19'-4" 1.47 CF
Phasing N W-Wide F 14'-0" 0.79 CF
Phase Filter ; W-Wide F  :21'-6" 0.91 CF
o AT v 055 6F
— Wolide Fi21.6° 10.91CF
- = : W-Wide F 14'-0" 0.79 CF
belcs btk ‘ Woide F 800 0.62 CF
Filter L _Editw J || FiWide F 199 0#F T TTAT 6F
| Sorting/Grou... { __Edit. J || [wowide 1w 0.81 CF
Formatting | Edit.. } ||| W-WideF 1 & 0.81 CF
Appearance | Edit... W-Wide F :19'-4" 0.81 CF
8 W-Wide F 19°'-77/16" ;| 0.81 CF
Properties help spply | || W-wWideF " 19'-0'9i16™ : 0.81 CF
W-Wide F 19°-4" 0.81CF
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Step 9: Click Apply

Step 10: Put information into Excel as described in Step 6.

Following Steps 5 and 6 from above, the information can be put into an excel file.
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Appendix D: Example Using RS Means

This appendix is meant to show how RS Means was used for our use in applying it to the

schedules exported out of Revit.

Step 1: Creating a spreadsheet that has all the basic details of each beam used in the model.
Below is our table that details the Structural Column Members. Total LF was used as the unit of
measure for many of the items in RS Means so we documented it in the table to make

spreadsheet calculations more convenient.

COLUMN BREAKDOWN

TYPE OF COLUMN COUNT TOTAL LF
HSS1.900x0.120 62 789.750
W12x120 1 42.333
W12x152 1 42.333
W12x40 2 58.833
W12x53 7 210.000
W12x58 1 28.101
W12x65 15 485.917
W12x72 13 416.250
W12x87 1 42.333
W12x96 2 67.667

Step 2: Find cost multipliers in RS Means and apply to Material and Equipment categories.
Using the data above, we copied the corresponding information from the RS Means 2009: Heavy
Construction book. An example of what we copied down can be seen in the table below. The two

rows seen are for HSS1.900X0.120 and W12x120.
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RS MEANS COST MULTIPLIERS

DAILY LABOR-

CREW OUTPUT HOURS UNIT | MATERIALL. LABOR EQUIPMENT TOTAL | PAGE
E-2 780 0.072 LF 6.1 3.13 223 1146 | PG. 102
E-2 960 0.058 LF 198 2.54 1.81 202.35 | PG. 103

This table shows the cost multipliers that were necessary to complete the estimate. These

numbers can be found on the page listed in the last column. For material and equipment, the cost

multiplier could be directly multiplied by the Total LF for that beam. This will give the cost

regarding that beam. The steps taken for the Labor was different.

Step 3: Find Crew Info and Apply to Labor Hours.

The crew information is found in one of the reference sections of the book and must be used to

find the labor costs for each member. This step is different for labor than it is for the others

because O & P is included. A data table for the crew can be seen below. The number that is

highlighted in red is multiplied by the factors highlighted in red in the RS Means Cost Multiplier

table (found in the previous step).

RS MEANS CREW DETAILS
Cost Per
Bare Costs Labor Hour
Daily

Crew E-2 Hr (§) &) Incl. O&P

1 Struc. Steel Foreman 46.70 373.60 74.44
4 Struc. Steel Workers 4470  1430.40

1 Equip Oper. (crane) 42.55 340.40

1 Equip Oper. Oiler 36.80 294.40

1 Lattice Boom Crane, 90 Ton 1741.00 34.20
56 L.H., Daily Totals 4179.80 108.63
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By multiplying these two red numbers, the unit cost to do the labor can be determined. Once the
unit cost is determined, it can be multiplied by the total linear feet. Because O&P is included

here, it does not need to be added on at the end.

Step 4: Apply O & P to Material and Equipment
After summing the individual costs for each element, RS Means gave instructions to apply O&P
to Material and Equipment by adding 10% to their totals. After this step, they can be summed to

find the total cost for the structural columns.

Step 5: Add Additional Factors to Overall Estimate
Once the structural columns, framing, and trusses were summed other factors had to be added.
These included inflation (3.15%), connections (10%), and a welded truss percentage (4%). Once

these factors were added, our estimate was complete.
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Appendix E: Loading Schemes
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ppendix F: Corner Calculations
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Appendix G: Cantilever Method Calculations

b

st

ALt Tvade b(;&m»x.' Exnd Beams [M&P A—i\?{?e(néiz
4

Copncvete glal> . ‘); 4.4 2lab thikness

sheek del.\éw"% = 3" /B qeaue lavﬁk\\’" G" oo At

desgn load = (0O st Span = s'10" g SB3'

LiL= Clesi)CS-Bi'B > 0. 583 “/j—t

= DL =7 conereke = L(,l‘&s?cé\,c«é"/\zv)« 24 ‘733:(( \ijbcs.g;*}
2 2306 bf4t ctodieg |
deckerog = (27 peh LS. G5O

Ll T \b/.gt

Ttal Ob= 5506 W4t + 5. F1b/tt- 0.24% er
Lood (owmbination
(W =Lzl | L L=> 2 24F ‘*/5'65*‘ Ll 583 H4eN
= L.55 V’/St
o hncl B (
Mo=WuL? . U3s¥$tYQ6T)°, (5.8 St
) g

1 Assumie a=2

1 %wn = 4.5

| Try 0¥iZ = 4, Q ovAs F (eval ompesite> = 261"
| By Mas FLS bkt (Table 3.4)C Y= =S, k= 7

| A= 3.064A1a" (Tuble O

A= APt

!

‘l",)\ . LqO e

164



WPI Recreation Center
e
AUl Tyade bﬂbﬂé "
(owgos ™. wompriiciry
2Qn= 442 (T3.a) §'cs AgOO=t, Al
Eﬁcul:wc Wit
be= YAl = Yala6+' A */ud= zaod
. 0.449"

Eod Beams ITMQP A?genafii( 2

= Z0Qe . . 442
Of%sj‘cbe O0.p A 24>

(E(Z = A‘_gu 3 O-A‘\Q)/Z; 4-28“ :
{
4-S 3.2 -FADD+FA.
%Z( = A“ = 45-2 3‘&‘(— ﬂalog“-——" C? * i

&zh‘t&\\ 4= ’7‘7'4(29&% &bﬂﬂ?’A\kSE?kbssvt{-H

Shde 74§ svds

RQun = 218" (pacalel dodke - Table 220> GovERNS
Chede =Q&Rw\a¢, Fu = QLo Lo A28 <>~ 20.72
+ shyde- Qn - 442 | 700 . 2 Auderz: b studs

25
D‘cgcoﬁan burw& Sexvice
Liue
L= 0.S83 ; £ 2000 (4
\él 4.0 -7 Tig= 110"
245 2 e &

A~

hjv

T 742 7 Tig - ieg"

A swld | .63 XA6TD . 0.024"< 6.322" - 461, &'
e 20Aa(2Guue A (3O Fo B %o || B
Dead tLwe

Deil= 0-286 + 0.98%= 0.4H Y5t ; Tip = U341

A SwWA Mﬂﬁ%ﬁi « [H-083"c0.4 UF (2, L
20ATt T 3pAl 220001154 0 - 94 240 ¥~ 3eD

165



WPI Recreation Center

\C)c

1 Ed Beans [ Mo e W&
Bo= Ll Q(?d.@t((é( Ao -Table 3.20>
Clede PZSK?A&EO-u.UXO.bﬁco.Mz)(bss 29-12
Z%\M\Oh' Vurtng Sexvice

; S ,
Li-= (popet 7 W, . 00ps (5.95) = 0.0 ¥f4¢
M, L0 805" L3 , £

L \(')(:8\)(5( AT \LS(;
MSC Table 3-20 CLOWOXZ ; PNA~TD
%Z.. 485 T~ W . 431‘_4_5_“ (%t - 280>+ 280
;=40 I L0

4 o w? ~ Akl T g

AL M L* . (6829962 _ & o
. LI ZFA.6D ,\l :

‘@%YQS- 0.5z Ok

Duscta (mxs‘m wetron

Vb= we beam * (4 'elL¢
L= Z2% \5 + (IO G&j S.23') = 4498.22
wex Concreke woekers 4 ctutfamu\i

W= DLeLL = {4+ 44%.12 = 4b%.22 “’/jt
M, - wau {aud zz\ﬁz T1h Ty & 1A “ ¢ < 1280

A= MaL® (S8 et  o.nzA"
C,I; Z\le \S65 A

Leptd Fr\. 0.372° o

166




WPI Recreation Center

o LS

Al Tvack S@gﬂ' L Cantilevers ! MQP A\:z\mdt&( 4

Concvere Leceing = 45" e\dvy niddnes=s
<leel O!_q_p\(_‘wté = & l%gaﬁue, lev\g\n' IL'BY or W &H

§oor Lengi- span= 18" op AUt
a‘(rdu&' OLQSkaV\ o 5 ?ar&ia,Q co\,we)e,zﬂ-e .

b )

Loads
LL = (loopeg Icuoaaj:o = T p(f ow O.qbF kKT
DL =7 conwreke = [ (145 (:u&‘fﬂ'gu/ 25-2.4 vs 5 ¥ Cl;t(\(‘i-@( 1)

= SAS F P’S ' Fandtnz
OQQ(AAW\S ={7.% \ﬂjxqw' ) _
= 26.\ PI-S P -

Tl Dl SR F vl5~ 26l FIS + 4 (,(.S - 0. 545 h{\.e{
Load . (ombloation =7
Wy~ L20t (6L =7 |.2(0.9985 >+ (.b(Q.aKES

- T2k W5t
Cetbteal, Momeot

2, |
kS |

Mo= W, | (226X AU ®ls4.2 e
- Z

A _(%4?— : ¢=O."( i F’3= SO kst

Zyz (154.2'% i@>c 41.\2 in?
(0. SOWAS & U

Taale 32-2 =7 Trsa (%xSS w/ Z,;‘ bo-< 1w

SEr g |

New DL=5T16 % £ + 2 ol 4t = 62O lb/+t |

167



At Trade Desion

*

1 Cantileners -

WPI Recreation Center

I
| MG A?Pandtx

A ”»
HAMPAD
y

= \.zc,%o\% Lo Clae®S

> 1.0 P{&ﬁ

>Qﬁlﬂ§£_;_}(&€§ﬁ" . 15b.92 Stk

Mg
Zy £ gt /2"
. (O,a% %Z S ( W,

ZeZ 4. 8T1n3

bb-S Z A1, QT 1a® /_Q_tg: WIRx3S

! cLe
038} 6 2‘!09014« Ty = SO ke
Suj 400“" (Ti=S
7’%“ z .39 )29%0
0
o8 & 4 15 \/__QV;_
Chede WLR
b, BAoTE - E=zd0pbe. | BycSpke
T J%ﬁ ' _1?»%65.5 T8-S
w

S3.S £ 2.%0 a0
.) <0

szs« q0.55 / o
efeckion’

A balt L . GLPLiLEd"S . ([T28% .
u.__g____

€( Y zawo 0>
"5['60 “ ___b.i‘“;)h

& (rao L=10S

0.3284

A

A - MLE _CLeasyiis? C1328Y,
ec
i

C
- WOE' 1@\
740 740 (&)

168

O.5pA"

(L=0.a6t %t OL= O b2t

0.2kt

A

Qi
0.433

Ok

; Ix=Sto C Tt




FAMPAD"

WPI Recreation Center

END COHLELING

(AB=ENDS

: LL
" ; b 'D\,
s L _.LI t Bw

1 BEAM

i o AR

| lEP«B—J.BEAMﬂ
SR ke O iGN S U
l
l
l

(\RUER. FEAMA |

[

e |

fx %
(Mg = COOZES- B>+ Lig X6t
= 0.006%

2‘,?&—' ~0.012+ 0.006+ E4

Fff: O-@Oro“' = Ay cantileyer

Alk Tralde b¢¢r6w[ Beawn LO:!AW\& | Mep /Egguvl‘m

] L LV (U LIVE LOAD
| DL (OLS DEAD LOAD
e o Bw (BUWHBEAM WELGHT

AN it (?) PLOMBIN
o e 1 > A e, wy KT

E oo ,
J&é_&“? DL= boan wits = 12 V4t = G0z *ige

i oG

Beaw v

169

S T e i b e,



WPI Recreation Center

T

AY Taale Des g by
® 2 2@&«;& Q\6F = 6240 5 83"
oy
%Qﬁ?? = O.00F /ft
DL= tonerete + MWX cedve « Ptpeng= beam wE+ (end eann>
= SA9% “’/j{:*’ 76 (1 /ﬁf‘{ 4@;\\&/&* TAD A u,/ek 7 44‘){5/5{ R
- 068 14t |
o flos oﬂb,-'t“'/{e, ;
é FL= L2(06bg >+ (6 (0-TbF >+ ©.00Z4 ¢+
=2.85 “/gf b FD
(ooe. L= 24.43% (25 54 7
-
. N4LLA SA.QF

%%9371‘ 28B4 /st

DL@‘ Oncreket M\vc&‘r Deam wt-.
- 019Dt v S22 “He + 5D e
= L2oHe

L= @ 583%5&

FL= (201201 )% (AL 0-5035
= Z3F4 44t (14330

lonc. L=~ Asigae

Q’*Mf (45. 99X .62 ( F%\L(ﬂ RS0

. %?p;’ '\'gk" 72.4L%

170




WPI Recreation Center

Appendix H: Simple Beam Aipp‘roachr !—Vland”(‘:alculationsr

'\‘cm‘ @%ewx wiy (G-FB)

W .
iaaase}
7
v ; 7 a3’
& ] 19.33 ” : I
X \ \
S Dad (ons Lwe | (L4 Ll
S QOncrele uied Concs
S ok Mg conpsHutgn L
Ceiling dsign L 0 5.8

Morgun /s0fall el (M-8B)

| ‘ }

NN

concrete wat concrede,
Mida) Qi nhuckion L

QL ING ey LU ,f___’f
% o7

P
ens omwuightk (Q-#8)

” a).jl II / [ R"s
méggﬁe Uzie(o%v ‘F—f‘ + "
{‘
(;Cuw &erfmg uc&;skucmn LL 583" 583
Ceslng sign LL
MW Boovs (L ews) (sunple)
Good/fockkol! Geld
AR SR AR IR D A
= o =
1 YA i W 3
™04 (00RS Liue Loats WAL :E

DI

171



WPI Recreation Center

AMPAD

=)

Moroa ~So vl frely

TR R
o
\||67‘ il
m (0acs Live. Lo6S
witk-concrate.
mueu t\mmng camtuckan (L
%Q/éhgg wsign L
o wom (M-SB)
o )
G-FB
D o LoodS
concieil uF QQninete
nu}(lsu Whing %%’rmdﬁa’n w
ot i
R
eI o (G-FB)
M-3sB
PIFAT L W %
t 167
Dot (ool Lt Louds
Ol UAA CONC LML,
il Mg NSHYCHUA L
U)Jhl)g &S (L

ME P
oM peumy (MSB)

172

://
l/
.
183%7 10,75 524

T\

==
|

(767

uby!

onih

Vs 967

1

NN
N
3
5% L
S 0% Y

A W7’

SR 8

92




Qo e

WPI Recreation Center

(ERNPAD

QIS

lonoh= 1923

=

<)

Eie

‘§§?

\‘3
3 o
PN
.U’Qx = =3
LEI
ﬂégiﬁ =B

COMStsuckon Lo

WUk CONCrede.
design LL

S

~¥B)

concrete
midale veom (G

ol ecy

NS4 oF +racy  loads
W
cap hv’rg I‘j
Mg

Deags

Reom 3

Inside of tach

173

— i gh'®
R 28 el ] L

;@(;@t o
S _\

P

>

O \sg;/zﬂ 2

S A

BU')C\,NK} Sig

A 2y VO on Wiking i
Si .quij(?a %%;Qr%; oF km o0 b '% S

&




WPI Recreation Center

M QN ack 3 IQﬁ\ WaNE Qud/e) Wé%

MPAD

2

(i v/ YI{LD (/\5” SO//)/
Skl imcw’uq = 3" ¥ 5 s,
\; o 9 357
J{/O &\09 b,%a

RSN
SMLCAR = MSpc@(‘*S/u) 5# 37 “s } g(/ 1)Cs.83') = 331,39 24
W \J;‘ll) ‘J "7

Coihng = 3};’3[{:(5 %3 )~ 25'///4
L josal= 376,28 %

mhit &%o 100 psE(623Y) = 583 Y

uuu - ’alf’% 28 "’fa)+7(6(583 #)

Mu = 384 ?J%cmlssj_ 04.60 It
o

b a=o"
%%3: fﬂ,egs.,_ - APl T

try 2 X M Gy =IE3 K. /'////4 BRL, Yo2=35"

Glalle 31 % yval)
v My
‘ecm&)u = 1/(;;(/319 28 Y + 1% ) + 16 (583%¢¢)
Ol

e l‘uw'm//zx) _ .Y ki
%@n(—{“% s (agle T- -9 ML nipavad)
("
be = (/s)(’°733x13) 9900;/3

- L.ahn

(=
B LT
S uist - TR = B,

He= @ fm"‘ Iag \rf[{
‘Z’i = 3 S" ij’ 123 5.

174




WPI Recreation Center

|m YROWS (Quosy/F+) |

MPAD

o

9

Do = 'BSM@ 2 \%_,a@ = 136.96 £

Dotin = 126. %lfﬂ > QS =My
Apfoakion

lI

LL = 5834

Yay = " - 23%
W‘”-— 35' IJ{;B:‘ aaq ﬂ

JLB " am'ﬂ’*’ '-SS—I;—%Q_-

e ) R

Y T ] 2690
e qugs ; Jiat) " ”7%3@ “aoin =
Amox = Y50 = 0.6 m

2360
Loy = 08901 2 0,369 = Bee

Total load = 583 "Yet + 376,25 "¢ + 9%« = 3. 28 "%«
é@w | X o.c/m;

A =
3849(a 5)@- L)~ | f£3 jeecly
Boox= Yagp = _&.%_/1'40" 0. % 7.y
E)
Aymex =0,%674 2 0.8 in = Or
Corstrucan  leodng Corsioetton U = /0psF

DU= 4%« + 3.7p5¢(583") = F9. 79
W= 33).39"% +p§0psF(:> §3) = 389.e9"%c

%u- 12(F71 ) + Lé{%ﬂé?’?’q}— 059,20 "rt

@mn = 14 5%4 > 30, 79U =My

; o = 8. 6 in” Gany I ML //Wuz/)%
=i I/ y, x
A,.,C diin (5% oin) & el

Luog = 0.0 > OShn =4, V/

175




WPI Recreation Center

| e koo (/)

(g‘;\gl’\ijA o

MRS
= 3/g"
5 PP O ook s
RV”O PO ng

-21}?){ Gove 3.2) M momead) < qoems
Qn 10(1.0Y 6S¥SIN0.YY) = 35,72 %ips ) el

= _lL‘Uf_ S/.53 2 G SHRS
ahs ¥

toipd = 12 SHRS
Spang = Jiﬁ%r@ 178

min= 5.50<1Z8%n L 20 vV

So U 1axiy

176

Mie. (moa/f mzzw;f?

351()




WPI Recreation Center

| End boams, ﬂMO/foMa//)

Coruete Saup= Us™ E = 29000 ks
Steel decking = 3" Py = D ks
sSpan:=2) .

Spacmg 5.8%'

concrere = s pot (USAh)=1{84,38 - 27pse) DS )

‘ = 28\ %q lb-F+
mecnfv% ) (5.83) = 1574 o+
catingy = (s pgc s %3 = 29,1 \bF4
| il ﬁ*mat 310.1% vl
Live Locgl

deseom \oad - 100 ¢5f (5 83 ) 83 Vol

w = L2 [ 8768 B (ges) = 138434 lbfes
My = 1384.3Y ‘oler (=27 7999 k-4

asSuumnme o= 62 "
Y2 =z gt _ 1</ = 3.5

j-mﬂ W\2 X \©

bop= 27 £H @ MA Ps b in web
(Taole 3-10  RAISC MNcunued)

Check YN .
T W= | 1(‘%—10 1% + \G lofes) 4 i.Lo(S%% \\o|-F+j

= W03 54 \b/H-
muw=Quos. sz - Bllo k&
o)
0n - U v (taoe 2 \q)

bLV:- (.VSSL 2.1 I l?,) 33,25 '
- qu.30k - 0.3l
85 ([32.25") ~

V2= 45" —9% = 4.07°

Po= L& Blo My =184 et
jn_b_u oY o= W\ bt

Y

177



WPI Recreation Center

T .

®bmf\" 2\ b o L\ S Lfa;> (lau - \%\3

=21 k£ 5 81, 10 ket 2l

Yoo ReN
LL = 583 |+ .
N = L\S" Tien = 251wt
YL l= q¢ Ter = 238 in?
Tw= 238 n (g-q 7.9>> (251 - 228)
u.S"- ¢

= asy ., L\\Y\

Rl = s(s%.‘&gz\'yq - OB M.
384 [74000) (2644

L[alo= N max= 20 x2'_ —an > 0403

20
Toted load= 533 |kt 237y 2B 'l + 1k lolet
=/ 975,98 Vo |o+

= olee)( 20 . 0.6Hin
384 (2ao06) (25474

Beew = Houd 2 |21 xg"

240

1018 in > 0.074%0

Consthruchion LocLoUn% cons, LLz 0 s
= 3194 1bjes

bl= 1w lol¥ + 2, 1ps¥ (S.B3!
LL = 331 33 \ol&+ Pi \(g s 5.53) =389.UQ \o &

i 7_&3\ 4 lblar) 1.0 (38a.@a lole)
= Lol.Lwo o+

s (Lot !ggéblﬁ(;s:)l: 36.23 & A

G, e = B2 k> 3823 e+ V

dettochon
Ty =103.00 in' (b -\ Ause nrm\uaD 5

178



WPI Recreation Center

Ao = g b+ + 4.0 2
3gy (2900 Y( 103 in
=0.@8 in
B 5 ar gl ~OIey | 3t | o/
30 3Lb
Sruds
‘ 0\:3/'_\“
A= xe (A0, M e by
) u= -
Note o Cannoen c\fou,u\nﬁs Ro=1.0
NOK S = un o2k
N (S Ta\ =E&E5"
= 2\S & | TobDe  3- ouod\g\ ook
:- L.oU. @Uob ns-)(qt\\n 'f e
= 287072k
= qu.30k (sn)
21 5
= uaqsmo\s U S swds
I>fed = 10 stud s
Spocing s 2L x p' _ asgsT
101

EckoniE g /A
U W2 %\

179




WPI Recreation Center

A ocK dosian 2 I-LWS S//MM/GADELFB) Map

AMPAD

dlay = %3 =6
P50 ey =S
S0l G =1
S ms) FnEg
d%;\fﬁ?fg? Uspcf (% 2{%37%7%/ 2.7256)(11)(7. 67067

medold dﬁdﬂ
h/)

277 £(9
l)-
(’f\é Uerm /7"74‘0(8,‘ (é)g?(a')ﬁ) //1@7! = %.35'%¢

Live Loads
1 sign = L0 psf (167") = %7 Ve

DL= 76721 "%¢
LL= 967 %

= (757 2/'*’/@2 =1, 4,5%7%) = 2967 85 ¢
M\) £ ez () Ol B-fF=

g

AF
b

assunte Q= dia
ya‘) = C/)Su 2/3 3[5!(

4y WIQx 13 %Mn = SR  Gable 3-19 AlSC Mapail)

HVA o
(e M
e 7607 N e+ 2% = 78,2
= 967 et

= '3(7792! Vi) + 1,6(967 1) = 2950 25 "2t
Mu~ Uga.a S " (Il 67)2 t/aaw £+
g

Gp = 43 ps Cavle 317 AlsC Maad)
ge 2(%)0067'x 131") = 35,011

=| Y4 Os 37/4
%) ;;52% 7 74 3&0/,4)
= 5 7o~ 0.3 7/3 - /

180



WPI Recreation Center

| L b sinplo quih-t5)

Epan

Xy lz 45" Qutp.= 7332 5 FE
Yon=Go"  Dorn= 799k H

My = 73.4 +(‘/ ' /"; 7c/q 723) 74.325 JLF

Boiin = 74,35k > Y2.BohH = My
QuAleeion
L= 67"%r

Loz WOw®  Ya=4.8
Teg,= U7 )9- 40"

¢ Y a4
T = 10int, (H_) (7w - o) = 114301
By, = “'/ y 1238003 4 ) _ Q1320
334 Z)%CXJM‘S) ‘I.B m“ T3 Tpeols

Aoy = We7'x 19 . O38%in
S o = s -
Dooy= O.38%n 7 0133 - A, 7
Torad load = 779, 2) Y + 907 Y= 17%6. 50 et

(263 7! %)(”«gz) 1Z25ie> , 1 - 0.330in
S 340 V%3Yi4" ; ffBé ¥ ooy

Amox= L = / =5 @) 8(/,@
240 ayqyo
Loy = OS8Y' > Q. adin= AT
Constroctian looding
100 - 11 - )

Judlal dQCh’/W? 00 = 6. 1% ¥ 125 = 38/ A
Liwg load

wu o é,éﬁ * Corsh. chtvz Ll = 599,67 S Hopse(1.677)

37 Wiet

Uy = /:3(58//%4# 16(696.57 %) = 1077, %) Yy
/Wé/‘; 077 J/Z 7/—1# /g _33/7’%
Gily= 74255 > 18.33 F-H

bftockion
1.=538u1 (e I+ Al monvel)

181



WPI Recreation Center

|2 wams simplt duod~FR)

(mmu

dc=5(38.1"%e + 6%57%4)(//@7)7 v Y #@)g
. ‘58‘/(2%@ 7)(55 2], =2l ¥
Doy = o7’ X138 = @]

w 560

A = O.Fhp 7 Olfun =Ac %l

i e (o 8 wing
=24 7 Mok Sﬁ/(m . ?‘/// 3
= 22 0.99y? Mif Spacedty =5.5"
il
Fo= G5

fzio worcdld 004
8 )? +c2w, 3.2 /4/55 smivad)
1.0)(@S K5 1)

O 4Y91p3) = 6 ¥
= Y431 . 3.0 S8 =7 3 S
2h50k
: SHNS
%deg@: Lez'(1avr) . 20.0”

Bt
M) =5,5"< 300" < 29" =

o ue 10X

hoackions = w/l - (767 70" + W7 %) H-67¢¢  _ Dit4.08 |y
z D

182



WPI Recreation Center

IM‘@L@ [Zaum Simple l(Mafgd/)-S B)

LmPA I}

;olwbuem SImilor —}o MY eow) Sip# Guod -

(e 77
](,5) Iotlowwo % ”“’”ﬁmf %?((U/CQJHO/S
5 2
o et
Souse  WOxIA

g 7
Totoh Sheos SIS = @SHAS
S spating = a0.0lin

Rooedion = [(560.27 e (075 00 “Uu) Y@Zft) . nZ222 90 1bs
a

183




WPI Recreation Center

Merach 05100 4 | L b conbilawr l(qaad—ﬂs)

@ﬁ\}mn

copple Jabh=0.5m D Kl
3LQQ3 NG = 30N ﬁj’ 49000 %5/

A= N7 O()/Ql/)g -—/
%g%mg: F07#

oM N 08 L bew Spl

DL 767 2} Y
ey

W 1) + 16(967 D) = %67 8S %
UUu 20 a/;1/ 7P 168, )OS
o = d:v-,l ) "/7,5’//ﬂ“
0.9(50;615

oy WIgXE5 Ty = 66.Sin3 (lakg 37 Asc mimald)

DL= Z67.2) %t + 35'%¢ = 302.31 W
L= C; 7 et

J al'ﬁ/ L e(9e7 2509.85.
,, ;(sm /é)* ( 705 209

Dhp = 017[6@5103//50//@/ AY99.38 11 - %

v

1non

i? S

k

P

2y = afflazlifé 7 JRLG] B =y

Fi
L;Mrf'of)ﬁi IR ?./5n

WLB ,
al) o (able Hl  #1C rnaaaed
o =3, Din book 1)

i = 3.6 ‘2% & 70.© in I/

ijf ( fi/Q /)
= 5/0 M _‘i‘r_/.;.’l;" o MV /J(_ V/5/%7 L//'r/)

184



WPI Recreation Center

Merach 05100 4 | L b conbilawr l(qaad—ﬂs)

@ﬁ\}mn

copple Jabh=0.5m D Kl
3LQQ3 NG = 30N ﬁj’ 49000 %5/

A= N7 O()/Ql/)g -—/
%g%mg: F07#

oM N 08 L bew Spl

DL 767 2} Y
ey

W 1) + 16(967 D) = %67 8S %
UUu 20 a/;1/ 7P 168, )OS
o = d:v-,l ) "/7,5’//ﬂ“
0.9(50;615

oy WIgXE5 Ty = 66.Sin3 (lakg 37 Asc mimald)

DL= Z67.2) %t + 35'%¢ = 302.31 W
L= C; 7 et

J al'ﬁ/ L e(9e7 2509.85.
,, ;(sm /é)* ( 705 209

Dhp = 017[6@5103//50//@/ AY99.38 11 - %

v

1non

i? S

k

P

2y = afflazlifé 7 JRLG] B =y

Fi
L;Mrf'of)ﬁi IR ?./5n

WLB ,
al) o (able Hl  #1C rnaaaed
o =3, Din book 1)

i = 3.6 ‘2% & 70.© in I/

ijf ( fi/Q /)
= 5/0 M _‘i‘r_/.;.’l;" o MV /J(_ V/5/%7 L//'r/)

185



WPI Recreation Center

|2 s conkitoner |gp0a-75)

(mrlPA o

o= Q@L’f/ééf _
Ay~ W7Palled? 5 a8, 1%, - Odein
HA00V5IN(310i01) 3 ,.m,.//f

dwe= U300 = [QZX/J 0.39in
Boox = 0.3 70263/:/7- Ao
btal lood

JRew °l®7 "’/fe r 798, 2/"”//: = |769.20 Z«

A= y) /7@, . [l 0990
re Ll i) ﬁé‘ﬂ ol =
Amax=C 240 Héz,__al 0. S8/n

Amar = 0.88"> O. ‘fZ” N
Copstruedion) LL=/0psF

bor= 3/%ec + Dol o + 39.67 e + Iopse (967
load = 203.Y% e

o= 0348 (167')" Ly o O 190
(29000 %)) (5l ’V% i
Aoy = Y30 = O33N

Amax=0~3q‘/) 2 0 Iq)lV) =dc v’

So vse WIB¥3S
Hoaohon = wi = (R7.51+ %@7)(lh67) = 2023817 10

|2

186



WPI Recreation Center

| vle B Catdhlondy (prgn-SB)

ﬁmn

z arily 1o Mishle Bawm Conkilevdr (quad-+8)
= ml{ Sg:k%/;}%gg bg-'?f 4 IC QCQ : o SWQCQS}(ZQ:{ b
Qbathd Vla0S.

= 0.7 f
%%sl@%’//b
WIgx39

Roackay = (360.09%c+ 0B0%:(ho7") = 29559, 79 /s

187

\4




WPI Recreation Center

(CAMPAD

(0.3 2756 + 0gst + G)(gﬁ W) = 213,39
»’»'c’»"/4se(;€;3¢7F 5.

3,3
U\)I&X )Cf V& B A:m‘é?ﬁéa
WA = 19764 T wWixpa
conc(Ue P A 8! £
oded MCV» =a 7,96‘F
MeP = 10‘(}5
CRANNE, = D8 F % %
&‘axq( L= )oOpsF gt Moz
1‘ncmcm o Sekion
24 L
&5075(2&;:3 oq]b:,&%«?’” 03)3 t Lho(29691ps) = 774?5 7@”0
QY}L{ ))QQ =i
Dl;— 79.5 g 3, S.)%q 8a') = 366’7 (A7
U—r = l00wsf(3.50(1%.02") = 1071y

- Beon LY

Wiuraa
Wh= Ut
wncroke. =(S4.38psk -3.75¢ )1, 1= S8t
Wucwmg -a.7 pof
£

Clhag = Spsf
mopg W= o

Wy

£ " % oA (397)(/’702%6937#(9
o W T % A= aqq,%&

—assuo( 7‘/ angu;a/ SM{JC

Dig = 29)304w+ 359 43l = 9573 57 I

ey = Tomtla9.6962) = 2769 1

6= 1.a@S72.57%) + 1:6(2969 /45) = 7837, 78/b
= J.g_ Doz 1> 398 A"

4 s
Doonn o 6\\8 e ,4/6?,,/

= 1.3 (36S7- 0B )+ /,é(tf?am») 18490 .41 (b
fua = T2 /@lm) 12940. 41 1b = 19966, 18 b
ﬁ"ﬂ IQQGQ,)‘ZIb 99%3.7A lo

188



WPI Recreation Center

¢
WaixsS

S0ma \mwﬂ oS pmuous wom La
‘/)Cqu

= 250402’ u%oma L

Aa Y, "(330 ) 7. 70 ¢4

DL; = 7959 s€(19.07¢4%) + 71/5 s € (137, 75 #)3

gfr"%é 338') = 15797 /b

LG = 100/55{1 (9, om% 100p8(( 137,78 F7)
= 75

@’/mmn

Py = 1.905747 aly)+ /,é/IS’éb’S 1v) = 99792.69 [ b
K= 48793.64 _ 293%.
3

Gurdr  Seetr r)mlsa;' Vi av
.1 i ‘“73 gy
I R

Ij L?’B YGe! I"isq ISRB'

CVI0002. s Yo ke L 1o “om

&= ad°

‘\\V\

worn Lz 998309 lowsde.T'= $902.89 lb
weom Lz o451.3lb ccsdo.9% dl796 .58 lb
= 3%g.7948)(14.337) _ 14,93 K ¢+ 1|
ML: 3. 1\3' / }j T—l \'\‘Sl‘ ) n
- %02.394(6.2')(43./3"). 3799 A L+
7. b i 1933 i
MLs I756. 58 1o ( 14:08')(5.28") . B3.5 k.t . |\\§/
.38 l 4 o
: -
oWy @P3uadive frrtgeed

R of toaop = L3 (7% 4k (133380 + | G Ioppef (1933 # 5.53))= 28137}

~g4s d Al ~

lo e Yo misMe beowm = 1948390

-ous at %L
gy = 11483 Y1k + SE/11.3710= 99595,17/0
My= 4895.176()9.33) - 109.93 ) ¢~
B

M; = MS3¥-f 4 3799%-@+ TE5K A2 102.92 = 2349 hH-

189

(o4

b




WPI Recreation

Center

U!AS/S)WPAD

| Qo ssion 57 |
OSUp%. K= din
Y2= 457 = 2% = 357
ty ! W lex 3) ;
Yl R 6 e i B 55T A @ T okl 3R
wo “w ' l/f/ ( y ; %Wm

lechuckl ' Mr
= /9K + PUO7.67/1 = 449%91,.57/k
= ﬂéi%ézmm 10760 hH
M= 10906 + /%3 + 372991835 = 240,18 M-
DbMp = JB3 6. > 2130 ¥ .Fe =~ 14 vl

3900
2{9 ”‘Lh (rable 3-19 A/5C monval) . - -

= / \s'j\k‘\—

be = 3( 933909'/)(;3) 979 € g

be - 4 (6. 56N HN D)= 78,70 O REEN o
E ' |

2 , % 7 un
085( m; 7‘79:/)) 0,581 ! ‘ ‘SS'

Ja = Wi = Y.dhin

DyMar < AS7UH Y
@fjﬁ’m/,I = 793 W bL“ ’/5”

Gyin = 887}5/4(‘/ %9/ (@90 -a570.4) = 25?/////4
Zvila = a’z's“tum> @008 KoF =My V7

LL anly = J00psF(583') = 583 b/t
-use Xull load

s 200w Y3, o
3{:., eszfﬂt'))%,,,f’/' v

= 63604 ( - Z?.’/’) (Gsbint- 63@”.4) _ 04578

du = Gee(19330)1 __ 1738103, LK - O.Q02um
384 GHawt) = > jboolb

Aoox = Y20 = 198 %13~ 0644,y
260

Dvox = 0:6%0 2 004 in= Dy v

190

Hot wan=1, (3900, 201 + 31 5 / W32V 1 6 (oo¢?.33(5.83)) = 30407. 671

P —(s %3+z 7's %Hs ay')/y

Q

¥




WPI Recreation Center

Iduoé SecHua 5“7'

MPAD

Tolod (008 = B¥9.Zalh + 553 . - 109558 124+
233"
&, = 045K (9530)7 L 170803, L. - O.03Sm
7 BBco s ST | I ol
Auac= Yo = 8333010 - O.F9674
290
Aawow =970 Z O.Q38M =Ly L~
Cornediay . L= [0pst
D=3 %+ 2.7 S.855") = 4e:74 "%«
s (EB5 3 /0!)5;; (593" = 359 cr 1tk
T = H0.74lb/rt + T82.63 1077« = 13643 . Iy (W«iﬂc//;f@ég
Wo= 1.3 (H6d9"%/ec) + 1. 6(3%9.0% 10/H) = &7.60 /A (indoid)

Mo=  G©79.6IWA (193303 _ Alle ¥+
By = 1575 )éak-ﬂ > AlesH=Ms

Tx= 32501 _dable 11, mivtval
- M%’Ez%h_ : 214 1K _ 002din
A1) A Xy = !

Doy = L/360= Q.64in
Avod = Oibip. = OCBS e A e

ke fum Comor Drawi
=3 " Mo Spaciing € 29
A= (W Pr_ O.9n? M 5/45/é E5.5¢
o=
Rp=10  yorafly] 7
Ri = 10
e @M

Qn=gi.s ¥ Hoblt 3.21 AIC  (Mawed <= owens
Qn= W0(L.oY (@SN Ond) = 25,74 K p5

A= HAL | 330 =7 @Ay
ans K

So use 1a TS

191



WPI Recreation Center

\Gitdwrs Sl 410l -5i0¢

Lg‘l/\gl?'l PAD

Fcbos -3, 5-7

These Sechons waee colwlared Simjas +0 1
Secdion Cprrdlr. The %0//&4"(//;4 Ayt e
g%& é.hrafwﬁgafmmy QHis ﬁl

3/57/1(0 \(zdbhs ppmcix

= LSOA
ant | Boeckian = 3379461k
Mkl Beaw) Heackion = 1) 994,40 ie

wWe x 19
Sechons F-S
This girdr Simiily o //C(Wéd//
*;;xéf fmg wzsmga%& (’a/ca/a»@ s con & Sad)
e PPN
= 10K
.aw Begm Hoocon = 11292.40 1k
W0 X149

14

192




WPI Recreation Center

\Cuniaes Seottal! 7%/(9 30

&@PA o

Concle Slab = 45"
il decr) g g gl

4

g‘)/ // =gt
WG = 2 53 %32

JL 33;{’%’ 5/

COmS—GR HI PRRC B B

widdle pm Simgly (208k0ON
DL +LL

\]/\1/ \b
: St

4 }qa?).
mcen 145 F HS/‘?) 5/ jngf/ ,Wﬂé‘i("ry = 1./
&MQ \ o Zps
Cm@,’g& negzgm Smpl @0 = 10119.08 /55
Lue Lodds
&?Sr(r/ = /ag{;
WU =

PL=[34.3 - 2.7)(1.0(585)1+@.7+10 + )(5.83') = Y H. 58 4
u, = I00pk(S-330) = S b/t

=2 +rovglcdes 4o (%% e

.=

i = Sﬁ lb/et(19.33 '// 0/0?3?/.65

D= laeend)  1.6106537) = JEil.S &

Pu+ Foackon = agisSibs + 10“988% 35230 S&lb
(823) .

My = 38030581
3
assumng '
2%

S350 - %= 35"
o //Mn = IB.0KH for Y2=357 04 = DFL

DL= BYO0Y DS + 19 % (16.33') = 367102 /P
Mew) W+ Feochon = %8585%7) 0a)+ 1 6(1/269.39) +10//9.0%
3

b
Muf:ﬁm&m%im @75/@»# S

193



WPI Recreation Center

| s Seothall Stold sig

(mdm o

Dol = 123 Wbt > 9716 K= My~
200 = 19.00 s Jabh 3- ~19 ML o]

tc/({s

be = /3[/41{ 33) = 242.00in

a-= =l ) 2///)
0.85(1%51)(39:n)

Y) = Ys- LA = 3.90"

V- 133 6 ;& 38! Gore 547 A5 )
Moy, = 128 oy

Dytln = 103 + 3;%:_%3 >(,93_ 23) = 126. % #

B = 12690 Y > 316 HKH =y v~
W= $83.00 lb/F

ILgy, 92 }170 >>/t/? t/3 s
a4+ 235./in"
105 (32 =3 )(235 aay) =

Bu=_583w( 03360 1Zagw3 1k  _ 0.059m
16 e T I - RS 0)) ’

Ay Hw = H.33/560= 0.64"
Qi = 0.64" > 0.0S4" +~
Totad (oo = ﬂmg_h t 5830 et = Jo3),58 12/A+

33 L
103, SR Ip/ét E[{g,gyﬂ‘ (2243 HE - 0.0
P 3349 aqocgm G N *awly™ '4

Don = Y29 = 19,3340 = 0,967,
W s = OloTh > 6= | L

ConNtocHar)

OL= 2.7/5.83)1 4= @1.7¢ 5 |
= &. R G35 - 1Gs5(S.53) = 359,69 %

Wo= L.2(29.74) + /1 e(357.69) = 6574 "%t
2l

194



WPI Recreation Center

lC’u'm\)fS {eotaal! 68 Q{’@

(EAMPAD

M= 6 / (/61,33')? 30. 83 k£
@:-fﬁo: W% KA 7 20,53 Nt =
Ix = 6.6 tabe -1 AHSC Alasval
Ve 3%{1 2%004/5/)(88 /a)(/9:331)9, sz;{f{//-g x L
Le= 01000
oy = Y560 =006%n
oavs = Qoim 7 011034 =Le v

RS
d ,’,‘5/ i
’/ /a peradiel dockinty
= @500/5/
/i;’ / i 0 9‘//03

Qa = g o5 Aakle 3241 A paaaeal
Qo= oqq(@s)axo A8 7@ Vips

= Aygs - 535 < 65k
’ ans higs S

S0 o2 1a SHAS  “ofey

)

195



WPI Recreation Center

@71"7?4/3/\ I}

wire iofec\ ity 4o . foothall
e S i T L s T
ek calcoMong @i

)
S st P

W 12x16

IGM\_@_MOLQM_S\M

X0 17 ///é/"é’%’d/’/f

33

196



WPI Recreation Center

Appendix I: Simple Beam Approach Spreadsheet Calculations

End Beams

Middle Beam (Simple)

Length
Concrete Slab
Steel Decking
Fy

E

Spacing

Dead Loads
Concrete
Decking
MEP (piping)
Ceiling

Other Beam Weight

Live Loads

Design Load

KSI

KSI

PSF

PSF

PSF

PSF

Ib/ft

PSF

Quad/FB Side

W12x14

19.33

4.50

3.00

50

29000

5.83

54.38

2.70

0.00

5.00

0.00

100.00

Morgan/SB Side

W12x16

21.50
4.50
3.00
50

29000

5.83

54.38
2.70
0.00
5.00

0.00

100.00

197

Quad/FB Side

W10x12

11.67
4.50
3.00
50

29000

9.67

54.38
2.70
10.00
5.00

14.00

100.00

Morgan/SB Side

W10x12

11.67
4.50
3.00
50

29000

10.75

54.38
2.70
10.00
5.00

16.00

100.00




Construction LL

unfactored DL

unfactored LL

Total Loading
DL

LL

Mu

Assume a

Y2

try
dbMn

PNA

Beam Weight

Check Critical
Moment

DL

PSF

Ib/ft

Ib/ft

Ib/ft

K-FT

K-FT

Ib/ft

Ib/ft

10.00

376.28

583.00

376.28

583.00

1384.34

64.66

2.00

3.50

W12x14

123.00

bfl

14.00

390.28

198

10.00

376.28

583.00

376.28

583.00

1384.34

79.99

2.00

3.50

W12x16

127.00

6.00

16.00

392.28

WPI Recreation Center

10.00

11.67

9.67

767.20

967.00

2467.85

42.01

2.00

3.50

W10x12

71.50

7.00

12.00

779.20

10.00

11.67

10.75

860.29

1075.00

4.41

2752.34

46.85

2.00

3.50

W10x12

71.50

7.00

12.00

872.29




LL

Wu

Mu

®bMn > Mu

Composite Capacity

2Qn
f'c
be

a

Y2

®bMn

dbMn>Mu

LL

ILs
ALL
L/360

L/360 > ALL

Total Load

Ib/ft

Ib/ft

K-FT

Kips

KSI

K-FT

Ib/ft

ind

Ib/ft

583.00

1401.14

65.44

OKAY

119.00

4.00

29.00

1.21

3.90

126.96

OKAY

583.00

235.10

0.27

0.64

OKAY

973.28

199

583.00

1403.54

81.10

OKAY

94.30

4.00

32.25

0.86

4.07

131.42

OKAY

583.00

239.82

0.40

0.72

OKAY

975.28

WPI Recreation Center

967.00

2482.25

42.26

OKAY

44.30

4.00

35.01

0.37

4.31

74.27

OKAY

967.00

114.39

0.12

0.39

OKAY

1746.20

1075.00

2766.74

47.10

OKAY

44.30

4.00

35.01

0.37

431

74.27

OKAY

1075.00

114.39

0.14

0.39

OKAY

1947.29




AT
L/240

L/240 > AT

DL

LL

unfactored Total
factored
Mu

dbMn>Mu

Deflection
IX

AC

L/360

L/360 > AC

Studs
diameter
max spacing
min spacing

Rp

Ib/ft

Ib/ft

Ib/ft

Ib/ft

K-FT

0.45

0.97

OKAY

29.74

389.69

419.43

659.20

30.79

OKAY

88.60

0.51

0.64

OKAY

0.75

24.00

5.50

1.00

200

0.67

1.08

OKAY

31.74

389.69

421.43

661.60

38.23

OKAY

103.00

0.68

0.72

OKAY

0.75

24.00

5.50

1.00

WPI Recreation Center

0.22

0.58

OKAY

38.11

646.37

684.48

1079.92

18.38

OKAY

53.80

0.18

0.39

OKAY

0.75

24.00

5.50

1.00

0.24

0.58

OKAY

41.03

718.56

759.58

1198.92

20.41

OKAY

53.80

0.20

0.39

OKAY

0.75

24.00

5.50

1.00
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Rg 1.00 1.00 1.00 1.00
Fu KSI | 65.00 65.00 65.00 65.00
Asa in2 0.44 0.44 0.44 0.44
Qn Kips | 21.50 21.50 21.50 21.50
Qn Kips | 28.72 28.72 28.72 28.72
n Studs | 5.53 4.39 2.06 2.06
use studs | 6.00 5.00 3.00 3.00
total studs | 12.00 10.00 6.00 6.00
spacing in 17.84 23.45 20.01 20.01
max OKAY OKAY OKAY OKAY
min OKAY OKAY OKAY OKAY
Reaction Ib N/A N/A 10119.08 11292.40
Reaction kips | N/A N/A 10.12 11.29

Middle Beam (Cantilever)

Quad/FB Side | Morgan/SB Side

W18x35 W18x35
Length ft 11.67 11.67
Concrete Slab in | 0.00 0.00
Steel Decking in 0.00 0.00
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Fy

Spacing

Dead Loads
Concrete
Decking
MEP (piping)
Ceiling

End Beam

Live Loads

Design Load

Construction LL

unfactored DL

unfactored LL

Mu

KSI

KSI

PSF

PSF

PSF

PSF

Ib/ft

PSF

PSF

Ib/ft

Ib/ft

Ib/ft

FT

50

29000

9.67

54.38

2.70

10.00

5.00

14.00

100.00

10.00

767.20

967.00

2467.85

168.05

0.00

50

29000

10.75

54.38

2.70

10.00

5.00

16.00

100.00

10.00

860.29

1075.00

2752.34

187.42
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ZX

Table Zx

try

Beam Weight

DL

LL

Mu

Check

Moment

OMp

OMp > Mu

FLB

Limit

Check

WLB

Critical

in4

in4

Ib/ft

Ib/ft

Ib/ft

Ib/ft

K-ft

FT

4481

66.50

W18x35

35.00

802.20

967.00

2509.85

170.91

249.38

OKAY

7.06

9.15

OKAY

53.50

49.98

66.50

W18x35

35.00

895.29

1075.00

2794.34

190.28

249.38

OKAY

6.28

9.15

OKAY

51.60
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Limit

Check

Deflection

LL

IX

ALL

L/360

or 1" MAX

L/360 > ALL

Total Load

AT

L/240

L/240 > AT

Deflection

C-Load

AC

L/360

L/360 > AC

Reaction

Ib/ft

in4

in4

Ibs

90.55

OKAY

967.00

510.00

0.26

0.39

1.00

OKAY

1769.20

0.48

0.58

OKAY

707.48

0.19

0.39

OKAY

20238.17

90.55

OKAY

1075.00

510.00

0.29

0.39

1.00

OKAY

1970.29

0.53

0.58

OKAY

782.58

0.21

0.39

OKAY

22584.79
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Reaction ‘ Kips ‘ 20.24 22.58
Girders (Fixed)
Football Side | Morgan Side
W12x14 W12x16
Length ft 19.33 21.50
Concrete Slab in 4.50 4.50
Steel Decking in 3.00 3.00
Fy KSI | 50 50
E KSI | 29000 29000
Spacing ft 5.83 5.83
Dead Loads
Concrete PSF | 54.38 54.38
Decking PSF | 2.70 2.70
MEP (piping) PSF | 10.00 10.00
Ceiling PSF | 5.00 5.00
Middle Beam Simple | PSF | 12.00 12.00
Length Ib/ft | 11.67 11.67
Reaction Ib 10119.08 11292.40
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Live Loads
Design Load

Construction LL

unfactored DL

unfactored LL

Mu

Assume a

Y2

try
dbMn

PNA

Beam Weight

Check Critical
Moment

Pu

Mu

®bMn > Mu

PSF

PSF

Ib/ft

Ib/ft

K-FT

K-FT

Ib/ft

K-FT

100.00

10.00

434.58

583.00

92.37

2.00

3.50

W12x14

123.00

bfl

14.00

28436.35

93.16

OKAY

100.00

10.00

434.58

583.00

114.38

2.00

3.50

W12x16

139.00

bfl

16.00

31680.24

115.49

OKAY
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Composite Capacity
2Qn

f'c

be=(1/8)L

a

Y2

dbMn

®bMn>Mu

LL ONLY
ILs
ALL
L/360

L/360 > ALL

Total Load
AT
L/240

L/240 > AT

DL

LL

Kips

KSI

K-FT

Ib/ft

in4

Ib/ft

Ib/ft

119.00

4.00

29.00

1.21

3.90

126.96

OKAY

583.00

235.10

0.05

0.64

OKAY

1031.58

0.10

0.97

OKAY

29.74

389.69

130.00

4.00

32.25

1.19

3.91

143.07

OKAY

583.00

267.84

0.07

0.72

OKAY

1033.58

0.13

1.08

OKAY

31.74

389.69
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unfactored Total
factored
Mu

dbMn>Mu

Deflection
IX

AC

L/360

L/360 > AC

Studs
diameter
max spacing
min spacing
Rp

Rg

Fu

Asa

Qn

Qn

Ib/ft
Ib/ft

K-FT

KSI
in2
Kips

Kips

419.43

659.20

20.53

OKAY

88.6

0.10

0.64

OKAY

0.75

24.00

5.50

1.00

1.00

65.00

0.44

21.50

28.72

421.43

661.60

25.49

OKAY

103

0.14

0.72

OKAY

0.75

24.00

5.50

1.00

1.00

65.00

0.44

21.50

28.72
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n Studs | 5.53 6.05
use studs | 6.00 7.00
total studs | 12.00 14.00
spacing in 17.84 17.20
max OKAY OKAY
min OKAY OKAY
Calculated Reaction kips | 14.89 16585.21
Robot

Reaction left side kips | 14.88 16.59
Reaction right side kips | 14.91 16.59
Moment left k-ft | -56.11 -69.55
moment right k-ft | -56.12 69.55

Girders (Fixed)

Quad Side 1-3 | Quad Side 3-5 | Quad Side 5-7
W12x16 W12x16 W16x26
Length ft 19.33 19.33 19.33
Concrete Slab in 4.50 4.50 4.50
Steel Decking in 3.00 3.00 3.00
Fy KSI 50.00 50.00 50.00
E KSI 29000.00 29000.00 29000.00
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Track Side Spacing

Dead Loads
Concrete

Decking

MEP (piping)
Ceiling

Middle Beam Simple
Length

Reaction

Live Loads

Design Load

Construction LL

unfactored DL

unfactored LL

Beam 1
weight
length

Reaction of Beam 1

PSF

PSF

PSF

PSF

PSF

Ib/ft

PSF

PSF

Ib/ft

Ib/ft

Ib/ft

5.83

54.38

2.70

10.00

5.00

14.00

11.67

10119.08

100.00

10.00

434.58

583.00

210

5.83

54.38

2.70

10.00

5.00

14.00

11.67

10119.08

100.00

10.00

434.58

583.00
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5.83

54.38

2.70

10.00

5.00

14.00

11.67

10119.08

100.00

10.00

434.58

583.00

22.00

16.34

3918.79




Mu of Beam 1

Beam 2

weight

length

Reaction of Beam 2

Mu of Beam 2

Beam 3

weight

length

Reaction of Beam 3

Mu of Beam 3

Pu of Girder

Pu of Middle Beam

Mu of Girder and Middle Beam

Total Mu

Assume a

Y2

K-FT

Ib/ft

K-FT

Ib/ft

K-FT

28111.61

10119.08

92.37

92.37

2.00

3.50
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28111.61

10119.08

92.37

92.37

2.00

3.50

WPI Recreation Center

14.53

19.00

14.02

8903.00

37.49

55.00

33.08

21756.83

83.50

28111.61

10119.08

92.37

227.89

2.00

3.50




try
dbMn

PNA

Beam Weight

Check Critical Moment
New Pu of beam

Mu

Mt

®bMn > Mu

Composite Capacity
2Qn

f'c

be=(1/8)L

a

Y2

®ObMn

dbMn>Mu

K-FT

Ib/ft

K-FT

K-FT

Kips

KSI

K-FT

W12x16

127.00

6.00

16.00

16918.84

19.70

112.08

OKAY

94.30

4.00

29.00

0.96

2.52

120.17

OKAY

212

W12x16

127.00

6.00

16.00

16918.84

19.70

112.08

OKAY

94.30

4.00

29.00

0.96

2.52

124.17

OKAY

WPI Recreation Center

W16x26

234.00

7.00

26.00

28714.70

93.83

229.35

OKAY

96.00

4.00

57.99

0.49

4.26

239.05

OKAY




LL ONLY
ILs
ALL
L/360

L/360 > ALL

Total Load
AT
L/240

L/240 > AT

DL

LL

unfactored Total

factored

Mu

®bMn>Mu

Deflection

IX

Ib/ft

in4

Ib/ft

Ib/ft

Ib/ft

Ib/ft

K-FT

583.00

200.52

0.06

0.64

OKAY

1111.32

0.12

0.97

OKAY

31.74

389.69

421.43

661.60

20.60

OKAY

103.00
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583.00

216.87

0.06

0.64

OKAY

1111.32

0.11

0.97

OKAY

31.74

389.69

421.43

661.60

20.60

OKAY

103.00

WPI Recreation Center

583.00

526.24

0.02

0.64

OKAY

1043.58

0.04

0.97

OKAY

41.74

389.69

431.43

673.60

20.97

OKAY

301.00




AC
L/360

L/360 > AC

Studs
diameter
max spacing
min spacing
Rp

Rg

Fu

Asa

Qn

Qn

n
use
total
spacing
max

min

Reaction left side

KSI
in2
Kips

Kips

Studs

studs

studs

Kips

0.09

0.64

OKAY

0.75

24.00

5.50

1.00

1.00

65.00

0.44

21.50

28.72

0.00

4.39

5.00

10.00

21.09

OKAY

OKAY

14.88
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0.09

0.64

OKAY

0.75

24.00

5.50

1.00

1.00

65.00

0.44

21.50

28.72

0.00

4.39

5.00

10.00

21.09

OKAY

OKAY

14.88

WPI Recreation Center

0.03

0.64

OKAY

0.75

24.00

5.50

1.00

1.00

65.00

0.44

21.50

28.72

0.00

4.47

5.00

10.00

21.09

OKAY

OKAY

28.88




WPI Recreation Center

Reaction right side kips 14.91 14.91 35.49
Moment left K-ft -71.94 -71.94 -130.98
moment right k-ft 72.01 72.01 148.48
Girders (Fixed)
Quad Side 7-9 | Quad Side 9-11 | Quad Side 11-13
W18x40 W18x50 W18x46
Length ft 19.33 19.33 19.33
Concrete Slab in 4.50 4.50 4.50
Steel Decking in 3.00 3.00 3.00
Fy KSI 50.00 50.00 50.00
E KSI 29000.00 29000.00 29000.00
Track Side Spacing ft 5.83 5.83 5.83
Dead Loads
Concrete PSF 54.38 54.38 54.38
Decking PSF 2.70 2.70 2.70
MEP (piping) PSF 10.00 10.00 10.00
Ceiling PSF 5.00 5.00 5.00
Middle Beam Simple PSF 14.00 14.00 14.00

215




Length
Reaction
Live Loads
Design Load

Construction LL

unfactored DL

unfactored LL

Beam 1

weight

length

Reaction of Beam 1

Mu of Beam 1

