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Abstract

As the city of Worcester continues to attract more students and businesses, and with a central
location to New England, the need to expand and develop the alienated downtown area has been
identified. CitySquare, a $563 million multi-phased private/public development project, will include a steel
structure underground parking garage managed by Consigli Construction which will accommodate over
500 cars and will aid with the increasing demand for parking space experienced during the past decade.
This project examined the management of the construction by assessing the effectiveness of the schedule,
cost, and communication as observed. An evaluation based on Lean Construction concepts was made in
order to identify possible areas of improvement. Additionally, an alternative structural design was
proposed using prestressed concrete to serve as an alternative to the actual design that uses steel framing
and slab on deck. Environmental factors were considered and evaluated as well, by utilizing LEED
concepts, embodied energy, and performing a life-cycle cost analysis. The concept of axiomatic design
decomposition was then used to identify the most important functional design requirements and their

respective design parameters.



Capstone Design Experience
Statement

This project focused on the design and construction of a 2 story steel-structure underground parking
garage in downtown Worcester, MA. The construction was executed by the general contractor, Consigli
Construction of Milford Massachusetts, for the owner CitySquare Il development Co. LLC, This facility will
provide parking services to the city as well as the surrounding businesses such as Unum, St. Vincent'’s
Hospital, a future Marriot Hotel, and the general public. The current structural design uses steel frame
with slab on deck (provided by Arrowstreet Designers and Niesch & Goldstein Structural Engineering). The
alternative design proposed in this study replaces the structural steel elements of the actual design with
precast and prestressed members. The design process involved the identification of loads, the selection
of an area of interest representative to the overall project, the design calculations for each component.
The design process was paralleled with the creation of an axiomatic design that analyzed the relationships
between the design parameters and functional requirements through aspects of economy,

constructability, safety, and serviceability.

We fulfilled our Design Capstone by creating an independent design that is ruled by the actual
conditions of the site, the geometry of the layout, the loading distribution of the project, and the owner’s
needs. To design our precast concrete structure, we first extracted the loading, framing, geometric, and
serviceability requirements from the provided construction documents. We took into account constraints
such as having a defined site layout, geotechnical properties of the location, traffic and pedestrian
accessibility, among others. Using the Precast/Prestressed Concrete Institute’s (PCI) Design Manual, we
designed the structural components of a double tee beam, inverted tee beam, columns, and
connections. To aid the design process and add analysis into the design, we used software such as
Microsoft Excel, Procore, Concise Beam, and Primavera. Additionally, we applied an approach of
Axiomatic Design using the software Acclaro in order to identify the key functional requirements of the

alternative design and the design parameters of utmost importance for a successful prestressed bay.



The design problem that we addressed was the selection of the most cost effective, fast-tracked,
sustainable and feasible construction material for a project in an urban environment rich in spatial, legal,
safety, environmental, and monetary constraints. We approached this design problem by performing
analysis on schedule, cost, communication, and sustainability on the steel-structure, which enabled us to
compare its performance against our independent design based on prefabricated prestressed concrete.
We performed a series of analysis using actual construction documents, attending meetings,
documentation logs, and physical progress which allowed us to arrive at an alternative design that was
economical (compared through Life Cycle analysis), constructability (through 3D visualization), safety
(through adherence to loading requirements), and environmental (through embodied energy analysis and

LEED parameters).



Professional Licensure Statement

Professional Licensure is a proof of competency that demonstrates that the engineer has the
credentials and specialized skills to perform their practice. Licensure also protects the public by enforcing
standards that restrict practice to qualify individuals who have met specific qualifications in education,

work experience, and exams. (NSCPE, 2015) The requirements a

The National Society of Professional Engineers, states that the specific requirements for licensure
can differ from state to state. However there are four major steps for licensure candidates to follow. The
first step is to successfully complete the Fundamentals of engineering (FE) exam while or after graduating
from an accredited engineering program. By passing this exam the candidate achieves Engineering Intern
(El) or Engineer in Training (EIT) status, which shows that, the candidate have mastered the fundamental
requirements. The second step in the process is to complete four years of qualifying professional
experience. However, obtaining a masters degree from an accredited program can shorten this
experience requirement. After four years the individual can learn about your state’s licensure
requirements, as it is different for each state. Then the final step is to successfully completing the

Principles and Practice of Engineers (PE) exam. (NSCPE, 2015)

Obtaining professional licensure is a prestigious title and a standard recognized by employers,
clients, government, and by the public. It is also a sign of authority and responsibility since only PE’s can
“sign and seal engine, and submit engineering plans and drawings to a public authority for approval, or
seal engineering work for public and private clients.” (NSCPE, 2015) Having a PE license also gives the
individual flexibility in their career by becoming a specialist or by expanding their opportunities beyond a

company structure into becoming an independent consultant.

Our work in this project with the project management analysis and design of an alternative bay
for the construction of the underground parking garage, has served as an initial step in the right
direction to obtaining the Professional Licensure. It has allowed us to gain practical knowledge and apply

concepts learned in class to a real-life project.
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1.0 Introduction

Worcester is a city with a rich history, and in recent years, it has seen an exponential growth in its
demand for business development partly due to its central location in New England. With the opening of
the Worcester Center Galleria in 1971, the city intended to attract a big number of businesses and export
the fashions of Boston to the suburbs while revitalizing the ailing downtown of Worcester. However, this
has not been the case and by 2006 the mall was closed. Following the closure, the city of Worcester
proposed a development project known as CitySquare, a $563 million multi-phased private/public project
which is considered the largest development project in the Commonwealth excluding the Boston Area.

Small steps have been taken since 2007 — the demolition of the mall and the construction of Unum
Building and St. Vincent Cancer Center have taken place. Residents of Worcester are losing their hopes
that one day they will see downtown as a commercial and vivid location, with several retail stores and
residential space. However, in recent years, CitySquare Il Development Co. LLC took over the project and
has redesigned the original space and layout, which will now include an underground parking garage with
over 500 parking spaces and a multi-story hotel to accommodate for the influx of people. The garage is
the first step of the new development phase, which will be followed by the hotel, retail space, and some
residential areas.

Consigli Construction, has been involved as a general contractor during the past 5 years, overseeing
several projects and improvements to the downtown area of the city of Worcester. They will now be in
charge of the 2-story underground parking garage which will sit in the heart of the city. Nonetheless, this
presents a big challenge for Consigli, given that the project is located in an area of high traffic, a street
runs over the site, and three out of the four sides adjacent to the site have buildings already. The
construction team will have to develop a plan to run the project as efficiently as possible to deliver it on
time and within the allowable budget. This will require a lot of coordination and planning with the sub-
contractors, site workers, the city manager, and the owners of the adjacent structures.

The current design of the parking garage consists of a steel structure with spread footings, slab on
grade, and slab on deck at the upper levels. This project considered certain aspects which can potentially
impact the current design and structure significantly including space, location, weather, and materials

being utilized, amongst others. For this reason, our study investigated an alternative design to the parking



garage, and evaluated the impact it may have on the cost, schedule, and delivery of the project. The
alternative prestressed structure design presented in this project took into account current site and
loading conditions as well as spatial constraints. A visual model of the alternative design was created by
utilizing Concise Beam (a design software for precast) and Google SketchUp. Additionally, an analysis on
a single modular bay of the alternative design was made by utilizing the Axiomatic Design Decomposition
approach. This approach aimed to identify the critical components of the design and analyze the
functional requirements and design parameters to determine their most critical aspects.

The management of this actual project was observed and analyzed based on their delivery in terms of
scheduling, costs, and communication. The study also included an evaluation and analysis of the original
design and its management based on Lean Construction concepts. The purpose of this evaluation was to
identify the activities and aspects in which Lean concepts could be applied to make the process more
efficient and reduce any waste that does not add value to the end-user. To accomplish this, the
contractor’s project members were surveyed at two different points in the development of the project
and their responses were analyzed to determine the value on the applicability of Lean concepts to the
project. Alongside, sustainability aspects were considered in the analysis including embodied energy,
LEED, and the Life Cycle Cost Analysis.

The goal of this project was to create a sustainable and cost-effective alternative design that met
all requirements indicated by the existing construction documents. The following report draws
conclusions on the project management components of construction, the application of lean concepts to
the project, a sustainable and cost-effective alternative design, and the application of the axiomatic design

method to the proposed alternative design.



2.0 Background

The following chapter examines the purpose of the construction of the underground parking garage
and introduces some of the concepts and analysis measures that were used in the project. The chapter
starts with an overview of the history and future development of the CitySquare project, the main reason
for the construction of the garage. The following sections provide an overview of the project management
and the concepts that were important in the implementation and analysis of the project, including Lean

Construction, software assisted analysis, and prestressed concrete.

2.1 CitySquare Project

The following section explains the history of CitySquare and its development in the last couple of
years. Furthermore, it explains the next steps in the development of CitySquare and how this study relates

to the purpose of this large-scale project in the city of Worcester.
2.1.1 CitySquare History

On July 29, 1971 the Worcester Center Galleria opened for business in downtown Worcester,
Massachusetts. This massive shopping center included 1,000,000 square feet of floor space and was
intended to export the fashions of Boston to the suburbs while revitalizing the ailing downtown of
Worcester. A 4,300-car parking structure was attached to building, and at the time being, it was the largest
parking structure in the world. (Caldor, 2006) Figure 1 below shows the layout of the existing mall, parking

garage, and adjacent buildings as it looked in 2012.
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Figure 1 - Mall Site Plan (Huard, 2012)

Unfortunately, as early as 1973, the shopping center was already having issues of not being viable
and losing its customers. Despite the numerous failed attempts by the city to revitalize the mall
throughout the next decades, it was still considered New England’s largest and most notorious dead mall.
(Caldor, 2006) With the opening of the Wrentham Village Premium Outlets in 1997 the Worcester
Common’s area had no reason to attract any more customers and it slowly started losing businesses and
stores with each passing year. However, in 2004 it was announced that Berkley Investments from Boston
would be purchasing and demolishing the mall, in order to rebuild downtown Worcester in a project
named CitySquare; and by 2006, the mall was closed. (Caldor, 2006)

CitySquare is a $563 million multi-phased private/public project and is considered the largest
development project in the Commonwealth, without the inclusion of the Boston Area. The project’s goal
is to create more 2.2 million square feet of commercial, medical, retail, entertainment, and residential
space. (Worcester, 2014) Figure 2 below, shows the proposed development for the area that was

supposed to connect Worcester’s downtown with the failed mall.
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Figure 2- City Square Development Plan (Huard, 2012)

However, Berkley Investments failed to comply with the General Development Agreement (GDA)
between them and the City of Worcester, which required Berkley to secure a tenant for one of the
designated buildings. Unum Group, a disability and life insurance based in Portland, Maine, signed a letter
of intent in 2009 with the City of Worcester. In 2010, plans were revived with the backing of a new
investor, the Hanover Insurance Group Inc. Since then, Unum and Vanguard Health Systems Inc., the
operator of St. Vincent Hospital, have been the only two new developments in the area and no additional

progress has been made as shown in Figure 3 (McCluskey, 2013).

Figure 3 - CitySquare Development in 2013 (McCluskey, 2013) (Source:T&G Staff, Rick Cinclair)



The demolition of the former outlet mall and parking garage had been completed, and was
intended to help advance the project. However, no private investor had announced interest in the site for

more than two years.
2.1.2 CitySquare Future Development

Since the demolition of the mall and a large portion of the original parking garage, no
development has been seen in the area. Nonetheless, there have been several conversations and
negotiations as to what is the future of the CitySquare project. CitySquare Il Development Co. LLC, an
entity managed by Leggat McCall and funded by Opus Investment Management Inc., a subsidiary of
Hanover Insurance, is now working with Consigli Construction, the General Contractor, in the next phase
of the project.

There have been several conversations about the use of the space, and the current vision includes
commercial office space, housing, a 500+ space underground parking garage, and space for street-level
retail stores. In addition, they are planning on adding another component to the project and building a
multi-story Marriott Renaissance hotel that will go over the underground parking garage. Figure 4

illustrates the revised plans for the CitySquare project.
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Figure 4 - CitySquare Revised Layout (Kotsopoulos, 2014) (Source: City Manager’s office)

"I think the demand for hotel space in the city is at an all-time high right now," shared Craig L.

Blais, president and chief executive officer of the private Worcester Business Development Corporation,



with Worcester Telegram and Gazette. (McCluskey, 2013) The two-level underground parking garage will
be built behind the Unum and St. Vincent buildings, in the area where the mall used to be. This parking
garage is the next step to the development of CitySquare and once it is completed, the hotel, housing,
and retail space will commence its development on top of it.

Minor amendments and details have been made to the design since then, with the addition of
two surface entrances to the underground parking garage, so-called "head houses". These will be kept
largely transparent and open, and bicycle racks will also be installed in each of them, with stairs and
elevators to access the garage. (Kotsopoulos, 2014) Appendix A shows in detail some of the construction
drawings with the proposed addition of the “head houses”. In May of 2014, the Planning Board approved
modifications that reduce the size of the underground garage from the planned 1,025 spaces to 580. The
parking garage will now encompass less space in the project site with the changes made. (Kotsopoulos,
2014)

2.2 Consigli Construction

Consigli Construction is a fourth generation, family-owned construction firm established in 1905.
The company is experienced in serving academic, corporate, life science, health care, federal, and
institutional clients throughout New England and New York. (Consigli, 2014) Grossing more than $743.8
million annually, in 2013 Consigli was ranked 77 among the top 400 construction firms by Engineering
News Record. They are capable of providing several different construction delivery methods such as
Construction Management at Risk, Design Build, Integrated Project Delivery, as well as Design-Bid-Build

competitive bidding.

2.2.1 Consigli Construction’s involvement in CitySquare

Consigli Construction has been involved in the CitySquare Development Project starting from
September 2010 with the demolition the former Worcester Common Fashion Outlets mall. Throughout
the years, the projects have had various types of contracts, predominantly Guaranteed Maximum Price.
A $110 million demolition job of the 215,000 sq. ft. building and selective demolition of an existing parking
garage was completed in June 2012. Figure 5 illustrates the demolition of the mall which has brought

down 4,000 tons of steel. The steel, concrete and brick from the mall have been recycled. (Dayal, 2011)



Figure 5 - Demolition of Worcester Commons Fashion Outlets (Grillo, 2013)

City Square’s first building, Unum facility (Figure 6), was also constructed by Consigli Construction
and was completed on January 2013. The energy efficient building system includes a high impact
corporate lobby with advanced technology and executive offices. Consigli was both responsible for the
core shell and interior fit-out of the building, while coordinating the owner’s installation of finishes and
equipment. The $72 Million facility has achieved LEED Silver Certification (Consigli, 2014), and has
attracted a lot of business and public to the downtown Worcester area. After having a strong presence

for years in the city, Consigli is currently working on the underground parking garage for CitySquare II.
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Figure 6 - The UNUM Building in Downton Worcester (Grillo, 2013)



2.3 Project Management Parameters

2.3.1 Overview

Recent investments in infrastructure by both private and public funds in the downtown Worcester
area have created a demand for increased parking spaces for daily commuters, visitors, professionals, and
students. Limited available space downtown motivated the construction of a facility that would meet the
parking needs of the city while minimizing its impact on potential future developments. As a result, the
parking garage will be constructed entirely underground and will feature aboveground elements such as

green space and head-houses that will add to Worcester’s development.

2.3.2 Organizational Breakdown Structure (OBS) of City Square Underground Parking Garage

The organizational breakdown structure for the City Square Underground parking garage project is
illustrated in the Figure 7 - OBS for CitySquare Underground Parking Garage Projectbelow. The owner,
City Square Il, has a representative who oversees the entire project and delivers the project in a consulting
capacity. Consigli Construction’s organizational structure starts the with the president of the company
who oversees the Projective Executive who leads, manages and coordinates the overall direction,
completion, and financial outcome of the project. Additionally, he also mentors a team of project
managers and engineers. The Project Manager, Superintendent, and MEP manger work together and are
responsible for the safe completion of the project within the proposed budget and schedule, company’s
quality standards, and customer’s satisfaction. (Consigli, 2014) The architecture firm, Arrowstreet Inc.,
coordinates and oversees the structural, civil and MEP/FP engineers to deliver their design aspects of the

project, based on the owners’ specifications.
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City Square Il
Development Co LLC
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| |
1 | | 1
Civil Engineer Project Manager Supeintendant MEP Manager
Nitsch Engineering Brent Keyser Kevin Beechman Larry Byron
Assistant

Project Engineer Superintendant

Sean Hanley Matt Lyons

Figure 7 - OBS for CitySquare Underground Parking Garage Project

2.3.3 Scope

The project undertaken by Consigli Construction consists of building an underground parking
garage as indicated in the final construction documents within a guaranteed maximum prized. The parking
garage is to have 2 levels, housing over 500 vehicles and 2 entrances from the street level, as well as 2
head-houses on the street level and a green space over the “Ballpark” section of the parking garage. The
garage features steel construction and extends under Front Street of the city of Worcester with its top
level to be on grade. The parking garage will be adjacent to a preexisting above ground East Garage which
services both Saint Vincent’s Hospital and Telegram and Gazette. The completed underground parking

garage will block off the air flow for the lower level of East Garage, making it necessary for ventilation
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systems and sprinklers to be installed. All work related to the mitigation of East Garage is included in the

scope of this project.
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Figure 8 - Architectural drawings by levels and elevations of the underground parking garage (Gateway)

2.3.4 Cost

The contract called for a Guaranteed Maximum Price (GMP) for the project, also known as not-
to-exceed price (NTE or NTX). Under this cost related contract, Consigli bills for the cost of the work
performed plus a fixed fee or percentage without exceeded a predetermined allowance. (Cushman, 1999)
The ceiling prices were negotiated between CitySquare Il and Consigli, as well as the allowances providing
flexibility in the contract. The total cost of the project as detailed in the finalized GMP was $34,299,152.00.

A cost component that played a critical role in this project was the use of change requests. Change
requests are change management procedures whereby changes in the scope of work agreed to by the
owner, contractor and architect/engineer are implemented. Change requests are typically more
prominent towards the middle or end of the construction process, but in this project the CM used them

as a means to expedite the start of construction.

2.3.5 Schedule

The schematic design of the underground parking garage was approved in January 24", 2014 and
construction documents were finalized and approved on July 21%, 2014. Consigli’s involvement as General
Contractor began on June 30%™, 2014 and received notice to proceed on September 14™", 2014. The delay
between the start of the project and the notice to proceed came as a consequence of setbacks on the

guaranteed maximum price (GMP) negotiation between the owner, CitySquare I, and the general
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contractor, Consigli Construction. The planned completion date for the project is October 7%, 2015. All
milestones, activities, and relevant dates were tracked using Primavera 6 (P6), a high-performance project

management software. Figure 9 below shows the proposed a portion of the P6 schedule.
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Figure 9 - Building E proposed schedule

2.3.6 Communication

Consigli used both Gateway and Procore online project management dashboards to track
communication between the owner, architects, engineers and subcontractors. The project team stored
and accessed all relevant documents on both cloud servers to make edits and expedite the process of
communication. As the project progressed, the Gateway server only included the documentation of
submittals. On the other hand the documentation of requests for information (RFI’s), change requests
(CR’s), project schedule updates, construction drawings, meeting minutes, and specifications was stored
in the Procore server. Both servers were useful tools to get updates on project documents and observe
the communication between key players of the project. Figure 10 and Figure 11 below show the layout

of the user-friendly Gateway and Procore servers.
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2.4 Lean Construction

The term “Lean Construction” found its way into the construction industry in 1993. Two key
organizations have led the leadership of the topic: The International Group for Lean Construction (IGLC)
founded in 1993 and The Lean Construction Institute (LCl) founded in 1997”. (Sayer, 2012) Lean, originated
in the late 1980’s from Toyota automotive manufacturing, and is a customer-focused methodology to
deliver value to customers through the effective use of resources. “The aim of Lean is to deliver the
customer’s value when they want it, how they want it, where they want it, at a price they will pay, and

using all resources most effectively — time, money, and people.” (Sayer, 2012) The focus is on improving

13



the overall performance and delivery of the project instead of reducing cost and time from certain
activities.
Lean construction challenges the belief that there must always be a trade-off between time, cost, and

quality. Table 1 below shows a comparison between a traditional project and a lean project.

Operating System Critical Path Management (push) Last Planner (pull)

Organizational Collaborate/Distribute
[
Model Command and Contro Authority

Commercial Terms Transactional Relational - shared risk

Table 1 - Comparison of Traditional and Lean Projects (Sayer, 2012)

One important aspect to notice from Table 1 is that Lean Construction focuses on optimizing the
overall project flow, unlike traditional projects which instead focus on optimizing individual pieces. Lean
principles can be applied to several areas of a construction project, but they are only effective if they focus
on improving the whole process. Some areas of focus may include the design, procurement, production
planning, logistics, and the construction itself. Construction is the area that might be most applicable to
Lean concepts as the physical putting together of structures/roadways/design elements is the goal of all
projects. Some aspects to consider include: clear communication of project ideas, training, multitasking,
progress reporting, and improving meetings. (Excellence, 2004)

There have been several successful groups and companies that have implemented Lean concepts
to their projects. However, there is still a lot of opposition to institute a change in the industry because
most of the players involved believe in the traditional approach they have operated in the past. This is
reflected in the productivity in the US Construction Industry, which has stayed leveled or declined since
1964, depending on the study used, as shown in Figure 12 below. (Sayer, 2012) Despite the stagnant trend
line below, many building owners are now expecting Lean concepts and practices to be applied in their

projects and reflected in the Request for Proposals, thus potentially improving the industry’s productivity.

[Blank Space left intentionally]
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Construction & Non-Farm Labor Productivity Index (1964-2003)

Constant § of contracts / workhours of hourly workers
Sources: US Dept. of Commerce, Bureau of Labor Statistics
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Figure 12 - Labor Productivity Index for the U.S. Construction Industry and all Non-farm Industries. (Sayer, 2012)
(Original Source: Teicholz, Paul. “Labor Productivity Declines in the Construction Industry” AECbytes Viewpoint. Issue 4. April 14, 2004)

Some of the benefits presented by using Lean Construction include better budget performance, higher
on-time performance, fewer accidents, and better value delivered to the customer with the completion
of the project. Beyond it being a different approach to the entire construction sequence, Lean fosters the
use of advanced technology and software to support its core principals. The most important advancement
is Building Information Modeling (BIM), a technology that allows the team to design multi-dimensional
models of a facility, and enables Lean Project Delivery. With BIM, “the team can evaluate multiple design
alternatives, make better design decisions, make better costing decisions, have more communication
earlier in the project, and create production system plans directly into the model earlier in the process.”
(Sayer, 2012)

2.5 Pre-stressed Concrete

The selection of prestressed concrete as a viable alternative material for a typical bay design took
into account available research on its benefits and limitations. The concept of prestressed concrete is
bonding strands of steel which have been pre-tensioned with a concrete casted to a particular shape and
dimensions. Once the concrete cures and the element is released from its mold, the tension in the strands
remains, usually creating a camber. This applied tension force on the concrete member acts against the
applied service loading of the structure, allowing the member to carry greater loads without cracking or

failing.
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Although prestressed concrete allows members to be cast into wide variety of shapes and sizes,

using commonly produced designs and shapes is more advantageous in terms of speed and cost of the

construction. (PCl, 2012) In Figure 13, two common components in building applications are illustrated.

For parking structures double tee systems are more suitable due to their capacity to span longer distances

and eliminate columns. Additionally, reducing columns and maximizing space allows for unobstructed

views through the levels.

A. Loadbearing architectural spandrel

B. Exterior column

C. Double tee or hollow-core slab

D. Interior column

E. Inverted tee beam or Composite beam
F. Shear wall

G. Stairs

L

HOLLOW-CORE SLAB SYSTEM DOUBLE-TEE SYSTEM

Figure 13 - Common Component Systems in Prestressed Concrete Design (Foster et. al., 1997)

Additional background information and research on underground parking garage structures can be found

in Appendix B.

2.6 Summary

Throughout this chapter, relevant background research and concepts for the project were covered:

CitySquare history and future development plans

Consigli Construction overview and its involvement in the CitySquare

The project management parameters of the underground parking garage project
Overview on lean construction and its benefits

Overview of prestressed concrete

The following chapters will discuss in depth the methodology and analysis done in the project including

project management, lean construction, an alternative design, axiomatic design methodology, and

sustainability concepts.
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3.0 City Square Project
Management

Observing a Consigli Construction project on real-time allowed for the observation, study, and analysis
of the elements that are managed from start to finish. A large scale project such as an underground
parking garage in a downtown setting requires expertise to keep time and cost under defined contractual
parameters. Understanding how the project manager tackled this complicated task, as well as how the
key players communicated in a multi-party effort, lead to the identification of focal points that can be
improved to the benefit of the overall project or future work. This section discusses:

e how the project driving critical path of the schedule changed throughout the duration of

construction

e how the original quantities, labor, and cost changed

e how these changes were recognized and dealt with

o the effectiveness of communication efforts both within the General Contractor and among all key

player, and

e the coordination among trades and tasks throughout the interrelated process of construction.

3.1 Project Snapshot

Analysis of the construction progress was quantified through three major gages dependent on time:
cost, schedule, and communication. This study observed changes in these factors between September
14th (Week 12) and February 8th, 2015 (Week 33), considering that Consigli’s involvement in the project
started on June 30th, 2014 (week 1). This time window allowed the collection of valuable information
from diverse sources included but not limited to meetings, written communication, formal documents,
records, construction documents, actual construction progress, and staff surveys. Different combinations
of up to date data (analyzed in subsequent sections) allowed for an understanding of each of the three
factors previously mentioned. Table 2 below provides a concise summary/report of cost, schedule and

communication as of Week 33 (representing the extent of the data available to date report was written).
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Project Management Parameter Status \
Total Cost: $34,299,152.00.

Change Requests submitted as of Week 33: 15
Start: June 30" 2014

End (Projected): October 13" 2015

RFI's submitted as of Week 33: 67

Submittals submitted as of Week 33: 92
Table 2: Underground Parking Garage Snapshot as of Week 33

Cost (GMP vs Change orders vs Allowances)
Schedule

Communication (RFI’s and Submittals)

3.2 Cost/Quantity Analysis

Construction projects can be delivered under several contractual agreements that directly influence
the way costs and quantities are tracked. In this project, Consigli performed as the general contractor
(CM) under a guaranteed maximum price (GMP). This contractual agreement, also known as Construction
Manager (in this case the CM) at risk, required Consigli to provide to the owner a reasonable maximum
pricing for the activities necessary to complete construction. The process through which the GMP was
revised, negotiated, and adjusted had an impact on the cost of individual trades because of their
dependence on sufficient information through construction documents and CM instruction, as well as
lead time to prepare production. Figure 14 below breaks down the Guaranteed Maximum Pricing for the
entire project by major bid package according to Construction Specifications Institute (CSI) Master Format

classification system.
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Figure 14- Percentage of Costs from GMP
The CSI divisions which included the work to be performed early in the project were Earthwork and

Concrete, the 3™ and 1°t highest in cost respectively. Earthwork involved the material movement through
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cut and fill of earthwork to adjust and prepare the site for construction. This process began prior to the
completion of the GMP, as Consigli’s involvement stemmed off an already established relationship with
the City of Worcester and allowed for preliminary site work to begin early. The high cost of the all
earthwork came as a result of the scope of the work, involving heavy excavation and voluminous
movement of earth, and the pricing of the site work subcontractor, Marois Bros. Consigli had to balance
the urgency to fuel the fast moving site work with the thorough creation of a GMP. The site work was the
key to open up the schedule for concrete foundation work to follow, Consigli managed to get an early
release change request approved months before the final GMP approval for a total value of just under
$5,000,000. This change request came as the first financing step for the project to get underway and set
the tone for project management measurements taken the following months. All change requests,
including early release packages, are displayed below in Figure 15.

Change Requests by Proposed Cost
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Figure 15 - Change Request by Cost
The second critical division of work which was affected by schedule and involving a high cost was

Concrete. Foundation and footing work immediately followed the preparation of the site at the earliest
availability. This came weeks prior the completion of the GMP, requiring another project management

strategy from Consigli to ensure the continuity of construction work. Consigli issued Change Request 17-
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005 titled Structural Concrete Package Early Release for a value of over $6,000,000 early September. This
included the work necessary for structural concrete and the remainder of the preconstruction services
costs by the CM. Beyond granting for work to continue, releasing concrete early also impacted the early
release of the rebar detailing for the entire project, which immediately followed in the sequence of the
change requests.

When compared to other change requests, both Structural Concrete Early Release and Site Work Early
Release stand among the top for cost, especially when compared to later change requests. These change
requests differed from the common nature of other CR’s in that they represented the formal value of the
work to be done defined and understood through the original project scope instead of accounting for later
changes in scope and/or field conditions. These CR’s would be included later in the GMP under their
respective CSI Division and proportionally under any other cost category such as other CSI divisions,
allowances or fees. Since the GMP approval came at a later time, the value of the early release change
requests exceeded the CSI Divisions because they were inclusive to all the costs necessary to keep
construction going, which are not necessarily captured by their respective division value. These figures

are compared below in Table 3.

Concrete $5,951,769.00 $6,322,294.00
Earthwork (Site
Work) $4,430,770.00 $4,879,314.00

Table 3 - Early Release and CSI
Analyzing the origin and nature of the Early Release Site Work and Concrete CR’s sheds light on a

broader analysis of the cost management for the overall project. Comparing the total value of the GMP
against the value of submitted early release change requests shows that their sum amounted to 83.3% of
the total GMP value ($28,752,937.00 in Submitted Early Release CR’s out of a total GMP of
$34,299,152.00). The full breakdown of the GMP can be found in Appendix C. This extremely high
percentage proves that change requests were used as effective tools for early funding under schedule
constraints in a negotiation were both owner and CM prioritized the ongoing progress of construction
over contractual dealings.

Regardless of how effective change requests proved to be, the GMP could not be sidestepped, and
the focus of much conversation and management efforts turned to finalizing the contract between weeks
15 and 25. A deeper analysis of the impact of the GMP negotiations is included in the following section.

From a cost perspective, the concentrated efforts from the CM to get the GMP approved by the owner
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came in the form of Change Request 17-014 titled Early Release Critical Trades. This change request came
in with a value of over $12,000,000 on week 19 (submitted on 11/5/14) and represented the work for
trades that were on the critical path of the project in order to minimize the negative impact on the overall
project schedule prior to the GMP signing. In comparison to all other early release change requests, this
CR more than doubles the next highest in value (Refer to Figure 15 above).

Beyond the stated value of all early release change requests, especially CR 17-014 for critical trades,
their submission dates allow for analysis considering project schedule. Figure 16 below plots the
cumulative value of submitted change requests against time.

Cummulative Value of Change Requests vs. Project Date
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Figure 16 - Cumulative Value of Change Request vs Project Date
As previously discussed, the first change request CR 17-001 for Site Work came at a high value of

around $5,000,000 and was followed by subsequent CR’s. The graph above shows two rapid increases in
cumulative CR value each immediately followed by plateaus. The first rapid increase comes as a result of
the site work, structural concrete and structural steel early release CR’s. Since these allowed for the
continuation of work as defined by the critical path and the scope of construction, a first plateau was
reached and lasted over a month for which labor, material, planning and management costs were covered
for. Consigli made use of this time window to work towards to getting the GMP approved, which

culminated in a second rapid increase in cumulative CR value as a result of CR 17-014 for critical trades.

21



When referring to both Figure 15 and Figure 16 it is clear that the value of change requests following
CR 17-014 dropped dramatically. When plotted against time, this drop in CR value yielded a second
plateau which was sustained at least until Week 33 (when this report was written). The significant
reduction in CR value came with the final stages of the GMP negotiation around Week 20 and its final
signing on Week 25. With the accomplishment of the GMP milestone, cost management shifted from
change request based to maximum price and allowance management, which mirrors the change in CR
nomenclature from “17-###" to “CR###” shown in detail in Appendix D. Comparing the total value of early
release CR’s with post-GMP CR’s puts in perspective the contrast between traditional change requests as
a function of added scope and/or change in field conditions and the unique way change requests were
used in this project to expedite construction prior to a finalized contractual agreement. Figure 17
illustrates the magnitude of change requests prior to the signing the GMP compared to more recent

change requests.

Comparison of Change Request Value Before and After
GMP

$28,752,937.00

m Before GMP
After GMP

Figure 17 - Change Request Values before and after GMP
The value analysis of change requests was accompanied by an individual review of their content and

nature. Studying the fifteen change requests (available to date) allowed a classification system by type, in
the terms of the purpose of the change requests.
Table 4 below provides the full classification of CR’s.

Change Requests

Types Amount
Field Condition 4
Design Change 1
Alternative Solution 2
Early Release 6
Allowance Transfer 2

Total 15
Table 4 - Change Requests
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From this table, it is evident that early release CR’s were not only critical as earlier discussed, but were
also prevalent. The second most prevalent type of CR was Field Condition, indicating a change or addition
to scope due to field conditions unforeseen in contract documents. This type of CR reflects a more
traditional use of change order management and will likely increase in number with the progress of
construction. Contrastingly, the number of early release change requests will most likely remain the same
given the GMP, with its prices by division, allowances, and fees, will cover all costs necessary (up to a
guaranteed price) to complete the project. Applying this classification to Figure 18 which compares the
value of all CR’s adds depth to this analysis.
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Figure 18 - Change Requests by Proposed Cost
Beyond change request management, an important aspect of cost management relates to approved

allowances. These are approved line items for specific items or work for potential overruns or the
unknown, with a set ceiling or limit. The full breakdown of all allowances can be found in Appendix C (GMP
breakdown). The sum of all allowances represents a small percentage of the total cost of the project as

illustrated by Figure 19 below.
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GMP GENERAL COST BREAKDOWN

B Cost by Divisions
m Allowance

B General Requirements, FEE and Bonds

Figure 19 - GMP General Cost Breakdown
Even as allowances represent a small portion of the entire project cost, they were scrutinized by the

owner who sought to approve and agree with the CM’s argument and pricing for each. As in the case of
change requests, allowances in this project served a different purposes including weather conditions
(Police Detail Allowance and Winter Allowance), unexpected field conditions (Contaminated Soil Disposal
and N-line Concrete Wall), and others. Most documentation for allowances is included in the
communication analysis later in this chapter.

Fees and General Condition round of the pie chart for the total project cost with 13%. This
category includes all costs unrelated to the work performed that allow the project to be executed such as
insurance and bonds. Limited analysis can be done for these costs, as most of them are fixed and case

specific.

3.3 Schedule Analysis

One of the most important elements in project management is the schedule. A comprehensive
schedule should include all necessary activities in the precise order they need to take place, provide
information into the duration of each activity, showcase various milestones throughout the project, and
drive the day to day activities of the field.

Consigli managed the schedule using Primavera 6 software with detailed activities and milestones
from the start of the project up to completion. This electronic schedule was the driver of monthly
projections, 4-week look ahead with subcontractors, and ultimately the day to day activities to be

performed. This process flow of time related information is best represented by Figure 20 below.
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Overall P6 Schedule

4-week Look Ahead

Includes all
milestones, activites,
and relevant dates in
a Critical Path format.
Reevaluated monthly.

Daily Schedule

Derived from P6
schedule to detail all
activities to be
completed within
next month by
subcontractors.

Derived from 4-week
schedule to include
all activities to be
performed on a given
day and allow for
trade coordination.

Figure 20 - Consigli Schedule Process Flow

An analysis was done on the changes to the overall P6 schedule from September to January. Studying
the highest level of schedule provided the most comprehensive data revealing how integral certain
activities and milestones were to the overall project management. To analyze the schedule effectively, an
emphasis was put on finding the changes to the critical path of construction, which involved calculating
how many activities became critical as a function of delays and the floats for all of them. Figure 21 below
shows the format of Consigli’s schedule from September. Both schedules used for this analysis can be

found in full in Appendix E and Appendix F respectively.

[Blank Space left intentionally]
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Figure 21 - Consigli’s September Schedule
Although not part of the critical path, project milestones reveal the overall evolution of the schedule.

The September schedule included only three milestones (Project Start, Notice to Proceed and Project
complete), with a completion date for the project of October 13t 2015, thirteen months after the notice
to proceed. The low number of milestones shows that the schedule was still being finalized, and only the
three most critical milestones had been determined at the time. Contrastingly, the January schedule
included 16 milestones detailing the progression of the construction from start to completion. The
majority of the milestones were forthcoming through trades that had not begun yet. Structural steel for
example had been detailed and its production ordered, but the assembly of steel beams, girders and
columns would have to wait until March. With the addition of milestones also came the revision of the
Project Complete date, which had been pushed back a little over two weeks to October 29 2015. This
slight delay carried through the entire project and caused the change of the critical path.

To determine a single cause for the delay of the schedule and its ripple effects across activities would
be inaccurate, as it was a combination of factors and the interactions between key players that molded
the progress of the project. However, the timeline of one particular element, the signing of the
Guaranteed Maximum Price, can be used as a point of reference in the schedule analysis. The September

schedule projected the review of the GMP to take place between mid-August and mid-October, but the
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January schedule marked its actual completion as December 5. In general, the almost two month delay
of the GMP did not translate directly into an overall project delay of the same magnitude. This can be
attributed in part to the string of high-value change requests that kept the project moving on schedule.
Even as these bid awards CR’s were completed more than a couple of weeks later than originally
scheduled, their built in floats absorbed the impact on the overall project.

The scheduling of construction activities categorized by area of work (Building E and Ballfield) or by
scope (Overall Site) was analyzed by means of the critical path. Activities within the Overall Site category
were generally pushed back, but with no effect on the critical paths. These included work to be performed
continuously throughout a long span of the project such as dewatering the early site and the footings, or
activities far out enough on the schedule to remain uncritical such as installing site utilities. Similarly, all
activities related to the mitigation plan for East Garage were rescheduled to later in the project without
impacting the critical path. As the work on East Garage is to be done on its inside, there are no conflicts
with any trades working on site.

Activities taking place on site for both the Building E and Ballfield areas had the biggest impact on the
critical path. For Building E, 24 activities that had positive floats on the September schedule became
critical on the January schedule. On average, the float for these activities became -9.5, meaning more than
one week’s time delay. A majority of the affected activities relate to the excavation and placing of footings
in the area of the future hotel. Since this work encompassed demolition and removal of old structures, it
was more dependent on unknown site conditions which resulted in setbacks. The first activity of this
sequence, excavating the initial cut and hauling off, was delayed more than a month because of time
consuming requests for information and added scope, became critical, and affected the path as the Figure

22 below shows.

[Blank Space left intentionally]
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Figure 22 - Delay in Schedule
Over ten activities on the Ballfield area became critical with an average float of -7.75 days. Like on the

Building E sequence, these changes stemmed off of excavation and foundation work delays and stretched
across the project. Even with these changes, Consigli managed to keep individual delays from significantly

impacting the overall project completion by using up the originally built in floats.

3.4 Communication

As the general contractor, Consigli was responsible for managing information exchanges and keeping
organized records of changes or requests by party involved. While much of the internal communication
happened on a daily basis at the field office and job site, the communication between key players was
carefully documented and tracked electronically. Access to Consigli’'s Gateway and Pro Core servers,
online project management dashboards, allowed the tracking of any formal exchanges of information and
their progress in the communication chain. One thing to note is that Consigli originally was using Gateway
as the only server. Mid-way through the project they launched the new server Pro Core, and began using
both of them simultaneously. All Requests for Information (RFI’s) and Submittals were monitored,
documented and ultimately quantified and analyzed by using the functionalities of both online

dashboards. Figure 23 below showcases the layout of the Pro Core dashboard for RFI’s.
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Figure 23 - Procore dashboard for RFI’s

Requests for information, formal written documents expressing the need for the architect, engineer,
or subcontractor to clarify construction documents, intent, or specifications, were quantified on a weekly
or biweekly basis using the spreadsheet shown on Appendix G. To extract valuable prices of information
for analysis, all documents attached to the request for information ranging from the official cover letter
by the CM to the clarifying sketches and notes of the architect were reviewed. The key components which
extend beyond individual RFI’s and speak to the management of communication avenues were date
submitted, turnover time, reasoning or type, and impact on schedule/cost expressed as a change of scope.

The analysis of the dates RFI’s were submitted adds depth to the schedule analysis already discussed.
By plotting the number of RFI’s against time, it is evident that the project underwent periods of high RFI
submission after periods of inactivity but with a consistent increase in number of RFI’s over time. The plot

for this trend is illustrated by Figure 24 below.

[Blank Space left intentionally]
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Number of RFI's vs Project Date
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Figure 24 - Number of RFI’s vs Project Date

Considering the trend for the submission of RFI’s, it is valuable to understand how timely these were
dealt with. Request for information typically originated from issues or uncertainties that subcontractors
encountered on site who then communicated with Consigli. The flow of information then carried over to
the architect, who consulted with the Engineers and then provided an official response to the CM. All
communication was done on a standard RFI form provided by Consigli in addition to any clarifying
documents, drawings or sketches tagged on by any key player to provide insight into the issue. An analysis
was done to determine what percentage of the submitted RFI’'s were turned over within the expected 7-
day turnover by Consigli’'s communication policy. Figure 25 and Figure 26 below graph the percentage of

RFI’s in compliance with this policy and a turnover time analysis in detail, respectively.

[Blank Space left intentionally]
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Figure 25 - RFI Turnover Analysis on a 7-Day Expected Turnover
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Figure 26 - RFI Turnover Analysis
Even with over a third of RFI’s failing to comply with the 7-day turnover policy, RFI’s generally did not

have a profound impact on the project schedule. Whenever critical RFI’s were pending, Consigli and the
owner reviewed them verbally during the weekly owner’s meetings. The project engineer was tasked with
keeping an up to date RFI Log which detailed the status of upcoming, submitted, and returned RFI’s and
their details. When going over the log, most of the discussion around specific RFI’s was done in a dynamic
and collaborative fashion, having both the project manager and owner representative asking questions,
searching through electronic correspondence, and making action items to follow through. Even as these
verbal discussions contributed to effective communication, they were required to be followed by a formal

write-up before the RFI could be closed. Given the large volume of information constantly being reviewed
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and exchanged amongst key players, keeping orderly official documentation carrying legal weight was
imperative to the project. A full RFl log and a sample RFI can be found in Appendix H.

Beyond the relationship between RFI’'s and time, an analysis was done the type of information
requested. Even as individual requests referred to different aspects of construction or related to specific
subcontractors, they can collectively be classified into either clarification requests or changes in scope. In
clarification RFI’s, the CM or subcontractor typically proposed a means and method to go about a detailed
piece of scope and asked for the owner, architect or engineer to approve. On the other hand, RFl’s dealing
with change of scope detailed new work to be done as a consequence of a field condition or coordination
effort. These RFI's carried an important element of cost which sometimes carried over into change

requests. The breakdown of RFI’s by major type is displayed by Figure 27 below.

RFI BREAKDOWN BY MAJOR TYPE

M Clarification  ® Change in Scope

19, 28%

Figure 27 — RFI Breakdown by Major Type
Similarly, submittals were tracked by subcontractors, vendors, or other players and their effect on the

schedule. Submittals were required to comply with the specifications for the project and were
communicated to the City of Worcester before any work was done by specific subcontractors. Unlike RFI’s
which come up on a need basis, there is a set number of required submittals established with the scope
of the project. The total number of required submittals was calculated to be 512 from the Submittal
master list on the Gateway dashboard. The breakdown of the received/completed submittals is illustrated

by Figure 28 below.

32



Progress of Submittals

B Completed ™ Remaining

Figure 28 - Progress of Submittals
Completed submittals correspond mostly to trades coming in earlier into the schedule such as site

work, concrete and steel. The full listing of completed submittals and analysis can be found in Appendix I.
Comparing the percentage of completed submittals to the schedule shows that submittals have not come
in at a rate proportional to elapsed project time. Even as the relationship between completed submittals
and time is not entirely linear, it is valuable to understand how much lag required documentation can
carry before impacting the critical path considering up to the writing of this report, submittals had no

major negative impact on the overall schedule. Figure 29 shows this relationship.

Progress of Submittals Compared to
Duration of the Project

32% of
Duration
18%# of
Submittals
| B Completed
B Remaining

82%# of
Submittals

68% of Duration

Figure 29 - Progress of Submittals Compared to Project Duration
For an added element of analysis, the turnover time for the approval/completion of submittals can be

found in Appendix J.
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4.0 Lean Construction

4.1 Overview

Lean construction is a process based on the concepts of lean manufacturing, which aims to remove all
non-added value to the project, in order to deliver the customer needs in a more efficient, timely, and
cost-effective manner. Lean concepts can be applied to different objectives and activities in a construction
project to maximize value and minimize waste. Waste can be defined as anything that does not contribute
to the value of the end user and is often categorized in 8 forms (n.a., 2010):
1. Under-utilized labor- not using people’s skills and knowledge effectively
. Waiting - wait time for an activity, material, etc. to be completed

. Defects - rework or anything that needs to be discarded

2

3

4. Overproduction - having more than needed

5. Motion - movement that does not add value (trucks, materials, people, etc.)

6. Inventory - anything in excess that is not being utilized

7. Transportation - movement of people, information, and materials around the organization

8. Over-processing - additional effort that does not add value to the customer

In this study, Consigli’s project management was analyzed based on six lean concepts that the team

identified as directly relevant to the construction of the underground parking garage. The evaluation was
accomplished by on-site observations of the project development and a series of questions that were
addressed to the Project Engineer, Project Manager, and the Superintendent through a survey, as shown
in Appendix K. The lean concepts which were utilized for the evaluation are described bellowed as they

were outlined in the survey. Supplementary information on each of these concepts can be found on

Appendix L.

(1)Communication and Level of Understanding - communication is defined as the interactions between

the key players through various mediums (email, phone, face-to-face, intermediaries, etc.) which align
them with their end goal of maximizing the end value and decreasing waste.

(2) Prefabrication - assembling outside of the project site to save time and space. Prefabrication can lead

to better safety, a cleaner project site which reduces waste, and more space to assemble the parts; all

which can benefit with the construction time and efficiency of certain activities.
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(3) Inventory - all the materials that are not being utilized and stored on site. Lean aims to have only the
materials that are required in order to accelerate the process, as well as, increase the working space and
organization on site.

(4) Just in Time - the delivery of the materials at the right moment in order to reduce waste, time, and
cost. The goal is to reduce the amount of inventory and deliver the materials when needed.

(5) Kitting and 5S - Kitting reduces the inventory levels and increases the operator’s effectiveness. It

decreases the space needed for supplies storage and ensures ease of access to supplies. 5S includes: (1)
sorting, (2) straightening, (3) shining, (4) standardizing, and (5) sustaining. Sorting allows one to go
through everything in the work area to keep what is necessary and discard the materials that are not used.
Straightening and shining includes identifying items that go together, organize them, and arrange them
for an effective retrieval. Standardizing and sustaining will allow one to determine the best practices to
not fall into bad habits and educate people about maintaining those standards.

(6) Pull system - The pull system is perhaps the most common concept in Lean process improvement. This
system is based on the “Last Planner Method” (LPM) instead of the common scheduling method using the
Critical Path Instead of pushing the schedule out more in order to accommodate for more time to
complete tasks, you act on the reasons for those failures and work with everyone to improve them and

avoid repeating the same mistake to keep the project on schedule.

4.2 Data Gathered

In order to evaluate the lean concepts, a rating system was developed to determine the areas of
improvement and identify key activities which were impacted. The evaluation includes a 1 for very bad
performance, 2 for poor performance, 3 for an average performance, 4 for a very good performance, and
5 for an excellent performance. The Project Engineer, Project Manager, and the Superintendent were
asked to provide a ranking to each of the activities based on each lean concept and how they felt the team
had performed on each of those areas. The numerical responses from the respective members were then
averaged for each lean concept in order to expedite the analysis of the data gathered and identify the
areas showing lean concepts and the areas needing improvement.

The survey was conducted twice in order to better capture the progress of construction as responses
could vary from one point in the project to another. The first survey responses were received on week 26
of the project (12/16/14) when the construction progress was slow as the GMP was not finalized yet. The
second survey responses were received on week 33 of the project (02/04/15) when more activities were

taking place on site by multiple subcontractors and the GMP had been finalized and signed. Table 5 and
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Table 6 below illustrate the averaged responses of both surveys based on the topic, as well as the overall

project rating that each member gave. The full set of responses to the surveys can be found on Appendix

M.

Survey 1 Communication Prefabrication Inventory JustinTime Kitting & 5S Pull
Project Engineer 4.17 1.00 3.75 3.50 3.33 2.80
Project Manager 4.08 2.00 3.50 3.75 4.00 2.00
Superintendent 4.17 1.83 3.75 3.50 3.67 1.00

Total Average 4.14 1.61 3.67 3.58 3.67 1.93
Project Manager 3.22 1
Project Engineer 3.09 2
Superintendent 2.99 3

Table 5 - Survey 1 Responses

Survey 2 Communication Prefabrication Inventory JustinTime Kitting & 5S Pull
Project Engineer 4.25 1.17 3.38 3.50 3.00 2.40
Project Manager 3.67 2.17 3.50 4.00 4.00 2.40
Superintendent 4.08 2.00 4.13 3.00 3.67 1.00

Total Average 4.00 1.78 3.67 3.50 3.56 1.93
Project Manager 3.29
Project Engineer 2.95
Superintendent 2.98 2

Table 6 - Survey 2 Responses

4.3 Evaluation and Recommendations

After conducting both surveys the responses from each survey were compared to identify any major
discrepancies or changes in the performance of each lean concept. Nonetheless, as shown in Graph 1

below and on Table 7, the response changes from one survey to the other were minimal.
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Response Averages Comparison
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Graph 1 — Lean Survey Response Comparison
Position Week 26 Week 33
Project Manager 3.22 3.29
Project Engineer 3.09 2.95
Superintendent 2.99 2.98

Table 7 — Overall Project Rating Comparison
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The graphs clearly illustrate that the responses did not vary much from week 26 to week 33 Overall,

according to the project manager, project engineer, and superintendent, the project is performing “Fair”

based on the lean concepts applied in this analysis. All three members gave the project an overall rating

of about 3.0 as shown in Table 7 above, showing that there are areas in which they were very lean and

efficient, and other areas which could be improved. Based on the observations from the field operations

and on the survey responses, the following conclusions and recommendations with regards to each of the

lean concepts were derived:

(1)

(3)

Communication and Level of Understanding — The overall communication of the project was
good as there was constant communication between Consigli Construction, CitySquare, and the
Subcontractors throughout the development of the project. Weekly meetings were set-up with
all the key members — owners, subcontractors, project manager, project engineer,
superintendent, and architects — in order to discuss the progress of the project, GMP, RFl’s, and
anything else related to the management and development of the project. An in-depth analysis
of the project management can be found in Chapter 3. These meetings were effective and
efficient to discuss major concerns and address any issues, while maintaining everyone informed.
Nonetheless, communication from the owners was not as efficient as expected, given that the
GMP was signed almost 5 months after the project began, creating a major setback in the progress
of the project.

Prefabrication — this concept received the lowest rating of all due to the fact that minimal work
and activities were being prefabricated or performed outside of the project site. This is partially
due to the materials that were selected to build the parking structure. The steel structure does
not allow for it to be assembled of-site and the concrete needs to be poured on site. Utilizing a
pre-stressed concrete design as the one provided in this project would have allowed for the pre-
fabrication of the parts off-site, allowing for more space on site, a quicker assemblage, and a
cleaner project site. Although steel structures are also fabricated off-site, they are a lot more
labor-intensive and require more space and time for installation.

Inventory — Although inventory seemed like it was going to be a challenge for this project due to
the surrounding features and buildings to the site, Consigli was able to use an empty site to store
materials and inventory. During the period of observation, few materials were needed as the main
activities included excavations and foundations. The steel frames were scheduled to arrive in
March which will present a bigger challenge for Consigli and will require better organization of

the delivery of materials. Overall, the project site was clean and organized but it was partially due
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(4)

to additional space they had. It is important to note that Prestress members are also shipped to
the site and may require some temporary storage, however the assembly process on site is less
involved.

Just in Time — As previously stated, materials required for the observed weeks were limited as it
was mostly work done by machinery. Nonetheless, the project was able to stay on track with the
proposed schedule and the concrete arrived on time to be poured for the foundations. A high
level of communication between Consigli and the sub-contractors was required to get materials
delivered on time. Although not considered a material, the GMP was delivered several weeks past
the expected date. This stalled the development of the project and created bigger challenges for
the management team.

Kitting & 5S — This is a concept that management teams tend to forget about because it is so
small, but it can have a huge impact on the efficiency. Although in construction the materials are
managed by each subcontractor and they each have their own Conex box, labeling material,
organizing them, and putting a sustaining plan to maintain it organized can improve the efficiency
of the workers. Potentially, Consigli could look into having a larger Conex box were they maintain
all the materials for the subcontractors and they can be shared. This can increase collaboration
between subcontractors and would ease the organization of the tools. Appendix N illustrates one
of the Conex boxes at the site.

Pull System — A pull system was not utilized at all in this project as Consigli utilized the common
scheduling method — CPM, instead of the “Last Planner Method” (LPM). After conversing with the
Consigli team, they mentioned that in some projects they have a scheduling professional come in
and create a Pull schedule for the project. However, this was not the case for the underground

parking garage project.

Overall, Consigli did a very good job with maintaining an open communication with the owners and

the subcontractors, always allowing all parties to be involved in the conversations. They also performed
well with keeping their inventory low and managing the available space for the excavations and
foundations. Although the GMP was delayed and the weather conditions presented a big challenge, the
management team was able to maintain the progress without much deviation from the original schedule.
Nonetheless, there are areas for future improvement to make the process leaner, including the use of

prefabricated materials, organizing tools better, and utilizing a pull system for their schedule.
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5.0 Alternative Design

5.1 Purpose

An alternative design for the parking garage using to prestressed concrete design was proposed and
compared to the original steel design in terms of design, schedule, cost and sustainability. Good practices
of Lean Construction discussed in the previous chapter were taken into account for all the work involved
in the alternative design.

For more than 40 years, precast prestressed concrete has been the number one choice for
underground parking garages due to concrete’s greater strength, impermeability and superior durability.
(High, 2014). Prestressed concrete also has major design advantages with long-span capabilities resulting
larger open areas in buildings and greater span-to-depth ratios in components resulting less material
usage. Using concrete reduces the potential for corrosion, which is a critical setback for steel structures.
In terms of schedule, the speed of construction can be expedited due to the ability to begin casting
components for the superstructure while foundation work is in progress, and being able to erect the
superstructure year round without delays caused by harsh weather because it requires less labor in
assembly or additional curing requirements. Prestressed concrete is also a sustainable material due to
their minimal waste on construction site and lower life cycle cost in terms of construction, operation and
maintenance since it does not require painting or tuck-pointing. This is further explored in Chapter 7.

This chapter outlines the steps taken to complete the alternative prestressed concrete design for a
typical bay of the CitySquare Underground project. The progress started by identifying the loads that
original structure carries. Then the prestressed concrete components and connections selected and
calculated to support necessary loads. The last step was to check whether current foundation will be able

to support the designed alternative structure.

5.2 Bay Design

The structural design of an underground parking structure includes the determination of loads,
selection of framing system, the detailing and sizing of components and connections, and the analysis of
foundations. Due to geometrical difficulties in the design of the CitySquare underground parking garage,

the analysis of the prestressed design focused on a specific area representative of the project. To select
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the area of interest, the structural drawings were analyzed to select a section that showed high repetition.
With this in consideration, the design focused on the analysis of the Ball field area, north of 27 line. This

area is highlighted in green in Figure 30.

CHER B 8 80 8 0 68 68 8 8 8 60 B0 68 68 80 608 8 0 68 8 0603
-

Figure 30 - The Focused Area for Prestressed Structural Design (Gateway)

From this focused area, a typical bay was selected with the goal of changing the steel design into

prestressed concrete design. The selected typical steel bay is 30’ by 30’ and is highlighted in blue in

Figure 31. It comprises steel beams, steel girders, steel columns, and a metal deck concrete slab. The
alternative bay design is repeatable throughout the highlighted area due to uniform loading conditions
dominating the Ball field area. This repetition of size and shape allows using the same high-quality
formwork, which will be more economical for overall project and will play into the cost analysis included

in later sections.
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Figure 31 - Selected Steel Bay for Prestressed Design

5.2.1 Identify Loads

The initial step of the alternative design was to identify the loads that are necessary for each
component to carry. This information was gathered by looking at the structural drawings provided by
Arrowstreet Inc. and Consigli Construction. In the plaza load diagram plan (S1.03) the loadings are divided
into different zones due to their different conditions as it is illustrated in Figure 32. The area of interest
encompassed both Zone A and Zone C which have different loadings because Zone A includes the roadway

and sidewalks bearing higher load due to extra weight of asphalt and gravel.

Figure 32 - Loading Conditions at the Plaza Level with Area of Interest Highlighted in red. (Gateway)
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The design of each component is related to each other because they are superimposed onto each
other when assembled, leading to the addition of dead loads from the self-weight of individual
components. The overall process is summarized in Figure 33, indicating the first step to have been
identifying load the loading distribution. The next step was calculating the dead and live loads applied on
plaza level by converting uniformly distributed loads by square feet into kips per feet and calculating the
loading applied on the surface area of the double tee (Surface Area = 15' x 30'). This was also calculated
for the inverted tee and applied to its calculated tributary area (Tributary Area = 30' x 30') in addition to
the dead load from the self-weight of the double tees. Similarly the live load on column was calculated
from the loads applied on plaza level to the tributary area of column (Tributary Area = 30' x 30').
Additionally, the dead load was calculated to be the applied load from plaza level as well as the self-weight
of two double tee beams and one inverted tee beam due the tributary area of the column. The final step
of the process was to check whether the original foundation would carry the alternative prestressed
concrete design. All of the loadings from the plaza level and the total self-weight of the complete bay

were compared to the all of the loadings from original steel bay.
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The dead load, live load, wind load and seismic load on plaza level, double tee, inverted beam, and
column components are illustrated below in Table 8. Since the parking garage is an underground structure

the wind load assumed to be zero.

N
e |dentified dead, live and seismic loads in pounds per square feet (psf) for Zone A
and Zone C
J
N
e Calculated live and dead loads on the top surface area of Double Tee from loads
Double at plaza level
Tee Beam J
~\
e Calculated live load on tributary area of Inverted Tee from loads at plaza level
inverted 1N Calcualted dead load as the addition of applied load from plaza level and self
e weight of tow double tee beams.
e Calculated live load on tributary area of column from loads at plaza level
e Calculated dead load as the addition of applied load from plaza level and self
weight of two double tee beams and one inverted tee beam
J

e Calculated sum of loadings from plaza level and the total self weight of Double
Tees, Interveted Tees and Column transfered to footings.

Figure 33 - Alternative Prestressed Design Process through Load Calculations

ZoneA ZoneC ZoneA ZoneC ZoneA ZoneC ZoneA Zone C
(psf) (psf) (k/ft) (k/ft) (k/ft) (k/ft) (psf) (psf)

225 225 3.375 3.375 6.75 6.75 340 340
250 100 3.75 15 7.5 3 250 100
0 0 0 0 0 0 0 0
42 42 0.63 0.63 1.26 1.26 42 42

Table 8 - Design Load Calculations at Plaza Level

5.2.2 Double Tee Beam Design
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Double tee beams were designed to replace the four W18 x 40 30 ft

»
<4 >

steel beams from the selected typical steel bay illustrated in Figure - ik 'H"wﬁ#{ﬂ -

34. Due to the two different load requirements from Zones A and [47%-57] T [
a"",‘
C, two different double tee beams were designed. In order to —
W18x40 {80] +C=au"
achieve maximum economy the section properties of both L=

alternative double tee beam designs were kept the same, only 30 ft

WE7xB4 [40-4-40]

adjusting the numbers of prestressed strands to the different load

requirements. The process of designing the double tee beam is

outlined in Figure 35.

Change it to Double T Beam
Figure 34 — Typical Steel Bay Beam

Section Prestressing Critical Stress Camber and

Connection
Properties Losses Calculation Deflection

Design

Figure 35 - Double Tee Beam Design Process

The design process for the double tee was iterative in nature because several trials were necessary
to arrive at the final design. All calculations for the design process were done using the excel sheet found

in Appendix O. The following sections include only the results for the final design.

Section Properties

Even though the prestressed concrete components can be manufactured in a variety of
customized sizes and shapes, it was more economical to use common products used in the industry. (PCl,
2004) Double tees were selected for the alternative design because they are most commonly used
members in parking garage construction due to their efficient shape for longer spans as compared to
hollow-core slabs.

Even though the section properties for both double tee designs (Zone A and Zone B) are identical,
the design of prestressing strands differed in order to support required loadings for each zone. The
section properties can be found below in Table 9 along with a section view of the double tee beam in
Figure 36 Zone A has of higher live loading required 16 strands, while Zone C of lower loading required

only 12 stands.
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Width, W (in) = 180

Height, H (in) = 30

b 7.75 W

a 9.75

h | S —
|

H-h 26

Ct 7.61 —f—— b
Area (in"2) = 1175
Inertia (in"4) = 85138.07 Figure 36 — Double Tee beam section view

Section Modulus,Sb (in?3) = [ 3803.65
Section Modulus,St (in*3) = | 11177.76

Volume/Surface (in) = 2.60

Table 9 — Double Tee Section Properties

Prestressing Losses

The prestressing force in a prestressed concrete member continuously decreases over time. There are
several factors which contribute to the loss of prestress: instantaneous loss caused by the elastic
shortening of concrete (ES), which happens right after the release of prestressing tendons and long term
factors such as the creep of concrete, shrinkage of concrete and relaxation of strands. Table 10 below

compares the prestress losses by different factors for the two different double tee designs.

7071.30 4964.78
5850.88 2155.79
4931.41 493141
3214.39 3388.44
21067.98 15440.42
583.06 451.95
11.15% 8.17%

Table 10 - Prestressing Losses in Double T Beam Designs for Zone A and Zone C

The differences in total loss between the two designs are directly related to the number of strands.
The elastic shortening is much larger in Zone A since the initial prestress force (the jacking force) much
higher due to higher number of stands. Similarly, the creep of concrete loss is doubled in Zone A as more

stress is maintained over a period of time causing the concrete element to shorten. However, the
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shrinkage of concrete shows the same loss since the volume over surface area is equivalent in both
designs, thus the reduction in volume due to the evaporation of water on the surface of concrete is the
same. The loss due to relaxation of tendons have similar values since the same constant strain is applied
in both cases. This causes gradual decrease in stress in the strands. These losses were calculated using the

formulas outlined in Appendix O.

Critical Stress Calculation

In order to check the serviceability of prestressed concrete components, critical stress calculations
were investigated in two different time periods. The first period of interest was after releasing the strands
when the concrete would be fresh and there would be no service loads. Within this period, the transfer
region was checked under initial prestress loads to keep cracking within the acceptable limit, and mid
span region was checked to calculate tension zone due to initial camber. The second period of interest
was under service loading to calculate the critical stress at mid-span. The formula’s for calculating critical
stress is listed in Appendix O.

The double tees were checked under loads primarily for serviceability, but also to keep cracking within
acceptable PCl limit codes. PCl assumes three different kinds behavior in terms of design requirements.
(PCI Manual 2012). First one is class U which stands for uncracked member. This is the optimum scenario
which proves that the design is successful and will be able to carry the loads without any cracks. Class T
stands for a transition between uncracked and cracked section. Under service loads PCl allows to use Class
U and Class T. The worst scenario is Class C which stands for cracked section and it is not allowed in flexural
members. Critical stress calculations are the determining factor to check whether selected concrete, steel
properties and prestressing losses are acceptable. Several trials were necessary for the design of the
double tee beams to be uncracked under service loading.

The summarized results for critical stress calculations for Zone A and Zone C are illustrated in Table
11. The critical stress at release in transfer and mid span as well as at service are in limits and uncracked

(shown on Limit Check Row).

[Blank Space left intentionally]

Transfer @ Release Mid span @ Release Mid span @ Service
fb ft fb ft fb ft
0.70 f'ci -7.5 vf'ci 0.70 f'ci -7.5 vf'ci -12.0 vf'c 0.70 f'c

PCl Limits
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3500.00 -530.33 3500.00 -530.33 -967.47 4550.00

Double Tee Beam Zone A (psi)

Total 2121.48 -4.93 1846.86 92.05 -830.28 956.20
Limit Check | In Limits Class U In Limits | Compression OK Class U In Limits
Double Tee Beam Zone C (psi)

Total 1573.77 8.46 1296.35 -480.65 -564.95 1318.89
Limit Check | In Limits | Compression OK | In Limits Class U Class U In Limits

Table 11 - Critical Stress Calculations for Zone A and Zone C Double Tee Beams

Camber and Deflection

The next step in the procedure was to check whether camber and deflection were under
acceptable limits. In prestressed concrete design, flexural components have an upward camber at the
time of transfer of prestressed caused by the eccentricity of the prestressing force. (PCl, 2004) The reason
behind is that when the stands are cut the concrete goes into compression and the beam takes on a
camber. Since the designed member was uncracked, the camber and deflection is in elastic behavior. The
behavior of prestressed concrete is illustrated in Figure 37 which shows during erection the dead load
causes the double tee get flatter. After release of tendons the camber and self-weight of the component

was calculated using uncracked moment of inertia.
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Figure 37 — Behavior of prestressed concrete
The total deflection of the double tee was calculated by subtracting the upward initial camber from

the sum of the downward deflections caused by the member’s self-weight, and the imposed dead and live

loads. The total deflection was calculated to be 0.32 inches for Zone A and 0.27 inches for Zone C. The
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limitation on the immediate deflection for the double tee member was €/180 based on the live load. The
designed member came under the limitations, thus proving the deflection and camber for both zones to
be acceptable. The detailed calculations and formulas for this section can be found in Appendix O and in

Appendix P respectively.

Connection Design

The connections are important consideration in the structural design of a prestressed concrete
structure since it transfers load, restrains movement and provides stability to the components. The double
tee beams were designed as dapped-end, which is structural element with abruptly reduced depth of its
end in order to provide the necessary seating without impacting the clear height between floors. The
dapped end connection design required investigation of several potential failure modes listed Figure 38

along with the required reinforcements.
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Figure 38 - Potential Failure Modes and Required Reinforcement in Dapped-end Connections

The direct shear at the junction of dap was avoided by providing shear friction reinforcement
composed of Avf and Ah. The diagonal tension originating from the re-entrant corner was avoided by
adding shear reinforcement, Ash. The Diagonal tension in the extended end was avoided through shear
reinforcement composed of Ah and AV. Because both double tee designs have the same section
properties, one dapped end design was able to serve both. Figure 39 below illustrates all types of
reinforcements needed and the selected size and number of bars for each (diagonal tension did not

required any additional stirrup reinforcement due to the negative A, value). All of the reinforcing bars
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selected to be size of #8’s in order to achieve maximum economy as well as easier production. The
placement of stands and bars are illustrated in Figure 40.

Reinforced Concrete Bearing

a(in) = 8

h(in) = 18.5 _ . a h

d(in) = 17 A‘-E[L”E'PN”EJ

As (in) = 3.103941176

M= 1 Table 5.3.1

Me = 12.3059867 _ @ X1000XAXbXhXpu

Me = 2.9 He ™ V, X 1000

Mz‘lx.Me = 2.9 Table 5.3.1 2v, N,

As' (inA2) = 1938781609 AL = -z

Critical As (in"2) 3.103941176 3¢fiu.  Ofy

Use ___# _ BARS 5#8

[CPECER T s o Ny

Ah (in72) = 1.524 Ay = 05145 — E]

Use __# _ UBARS 2#8

RPN s o W,

Ash (in72) = 4.51 Agp =—F

Use __ #  STIRRUPS 6#8 ¢fy

RS o

Av (in2) = -1.856751452 4, = — |-Z — q

Use _ #  STIRRUPS 2f,|¢ 1000

[UBEEERE  o o i

Chech Vn (k) = 441.1576306 1, = ¢ (,qvf;_ + ,th)_ +%)
ok

Ld Ah (in) = 22.5 Design Aid 15.4.4

Ld As (in) = 37.5 Design Aid 15.4.4

Anchor for As (in) = 50.5 Ly=H—-d+1,

Figure 39 - Dapped-end Connection Calculation for Reinforced Concrete Bearing
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Figure 40 - Dapped End Connection for Double T and Inverted T Beams
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5.2.3 Inverted Tee Beam Design

Inverted tee beams were designed to replace the W27 x 84
steel girders from the selected steel illustrated in Figure 41.Due
to the two different load requirements from Zones A and C, two
different inverted tee beams were designed. In order to achieve
maximum economy, section properties of both alternative
inverted tee beam designs were kept the same, only adjusting
the numbers of prestressed strands to the different load
requirements. Mirroring the design process of double tee
beams, the outline for the design of the inverted tees is outlined

in Figure 42.

W7 x84 [40-4-40] N

30 ft

30 ft
e Tmr E—— id
4
[475-67] |
" }
W18x40 [80] +C=3/4"
- 3|
W18x40 [80] +C=314" -_-’j.?
* Wi8x35 [50] +C=718" __'.'"
| / “|

Change it to Inverted T Beam

Figure 41 — Typical Steel Bay Girder

Figure 42 - Inverted Tee Beam Design Process

The design process for the inverted tee was iterative in nature because several trials were

necessary to arrive at the final design. All calculations for the design process were done using the excel

sheet found in Appendix Q. The following sections include only the results for the final design.

Section Properties

Inverted tees were selected for the alternative design because they are most commonly used in

parking garage construction as structural framing to support deck components such as double tees. The

section properties of Inverted tee beam for Zone A and Zone C are outlined in Table 12 with a section view

of the inverted tee beam in Figure 43.

[Blank Space left intentionally]

51



Width, b (in) = 40

Height, H (in) = 30 b2 b1 b2

b1 28

h2 14 l

hl 16 h1

b2 6 #
Length (in) = 344 [ I

cb 13.66667 h2

Ct 16.33333

Area (in"2) = 1008 Y ‘ b

Inertia (in*4) = 74704 L

Section Modulus, Sb (in?3) = | 5466.146 X

Section Modulus, St (in?3)= | 4573.714 _ o
Volume/Surface (in) = 7.2 Figure 43 — Inverted Tee beam section view

Table 12 — Inverted Tee beam Section Properties
Even though the section properties for both inverted tee designs (Zone A and Zone B) are identical,
the design of prestressing strands differed in order to support required loadings for each zone and the
weight of the double tees. Zone A has of higher live loading required 45 strands, while Zone C of lower

loading required only 30 stands.

Prestressing Losses

Mirroring the prestress loss calculations for double tees, losses in prestressing force were calculated
for both the short and long term. Table 13 below compares the prestress losses between the two different

designs by zone.

15947.54 11326.13

17354.19 7477.76
3318.54 3318.54
2654.39 3086.33
39274.66 25208.76
1494.59 1066.28
20.79% 13.34%

Table 13 - Prestressing Losses in Inverted Tee Beam Designs for Zone A and Zone C

Compared to double tee beams, inverted tee beam had higher total loss and jacking force resulting in

a higher prestress loss percentage. The differences in total loss between the two component designs are
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directly related to the number of strands. According to PClI Manual the range of values for total loss for
normal weight concrete components are from about 30,000 psi to 55,000 psi, thus the designed inverted
tee beam were within this range.

As with the already covered prestress losses of double tee beams, the inverted tee design for Zone A
shows a larger elastic shortening and creep of concrete as a consequence of the higher number of
prestressing strands. However, the loss for shrinkage of concrete is the same for both designs since the
volume over surface is equivalent remained unchanged. Losses were calculated by using the formulas

outlined in Appendix Q.

Critical Stress Calculation

The inverted tees were checked under loads primarily for serviceability criteria but also to keep
cracking within acceptable PCI limits. Critical stress calculations were the determining factor to check
whether the selected concrete, steel properties and prestressing losses were acceptable And required
iteration to determine a design that would remain uncracked under both release and services stages. The

summarized results for critical stress calculations for Zone A and Zone Cinverted tee designs are illustrated

in Table 14. The critical stress at release in transfer and mid span as well as at service are all in limits and

uncracked.
Transfer @ Release ‘ Midspan @ Release ‘ Midspan @ Service
fo ft fo ft fo ft
o 0.70 f'ci -7.5 Vf'ci 0.70 f'ci -7.5 Vf'ci -7.0 vf'c 0.70 f'c
PCI Limits
3500.00 -530.33 3500.00 -530.33 -604.67 4550.00
Total 3445.28615 | -439.3031 | 3301.94 | -258.5264 | -531.2246 | 4205.894
Limit Check In Limits Class U In Limits Class U Class U In Limits
Inverted Tee Beam Zone C (psi)

Total 2536.66 -520.13 2391.92 -96.96 -470.88 2668.01
Limit Check In Limits Class U In Limits Class U Class U In Limits

Table 14 - Critical Stress Calculations for Zone A and Zone C Double Tee Beams

Camber and Deflection

Since the designed beam was in Class U, the camber and deflection was in elastic behavior. The total
deflection of the double tee was calculated by subtracting the upward initial camber from the sum of the
downward deflections caused by the member’s self-weight, and the imposed dead and live loads, and the
weight of the supported double tees. The total deflection was calculated to be 0.82 inches for Zone A and

0.69 inches for Zone C. The designed member came limits (8/180), thus proving the deflection and camber
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for both zones to be acceptable. The detailed calculations and formulas for this section can be found in

Appendix Q and in Appendix R respectively.

Connection Design

The connection between the inverted tee beams and columns was determined to be a corbel design.
Corbels are used to resist moments by providing fixity to columns and at the top of the beam. The design
of corbel connections for both Zone A and Zone C are identical due to their section properties. All of the

failure modes were considered to determine the minimum required reinforcements illustrated below in

Table 15.
P
f I
Corbel Design - W g
o 0.75 Plate or a I~ |
a 10 Angle v N
u — A
:; 20 N
R lina— X
As (in”2) 5.699555556 a2 ‘ e _\‘ 24d
As' (in2) 6.651124952 (Min.) (Max.)
Critical As (in"2) 6.651124952 hd —
Use # BARS 6 #10 . T
raming
| Aspractical (in"2)=  7.62 Bar LA,
Ah (in"2) 2.613118032 —
Use # U BARS 3 #6 Welded o
 — elde =/
2.64 @‘T Cross
2/3d 11.33333333 B J | Bars J‘

Table 15 - PCI MNL Chp 5: Design of Concrete Corbels

[Blank Space left intentionally]
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5.2.4 Column Design

As illustrated by Figure 44, the size of steel columns in as the J a0 f -
selected steel bay was W14 x 233. Column size for the Ly =  ypreepar c__’g
" y A
alternative design was to be kept equivalent to the original steel [479-67] o [
design to avoid impacting the available parking and g -uqi.m_,,_ﬂq{gg]’;é:a.uu =B
maneuverability space for vehicles in the garage. Further % - - %
inspection into the steel column indicated that it includes fire g W18Bx40 [50] +C=314" % 30 ft
. . . . ="
protection coating as well 2 inch minimum all-around concrete
encasement. This led to the design of square tied concrete 16” &  \igx35 [50]+C=7i8" -Ei‘v
by 16” columns. To determine axial loading, the loads identified Ti !

for the Plaza Level were multiplied by tributary area of the column. Change it to Prestressed

Based on industry practice, eccentricity was assumed to be ten Concrete Column

. Figure 44 — Tvpical Steel Bav Column
percent of the width of each column to calculate to moment

caused by axial loading. The results for these calculations illustrated in Table 16.

Factored Loading - LL (psf) 400.0
Factored Loading DL (psf) 409.9
Tributary Area (ft2) 900.0
Axial Load (P) (kips) 728.9
e - eccentricity (in) 1.6
Moment (Mu) (kips) 1166.3

Table 16: Alternative Column Design Parameters

The calculations detailed above were complement with insight provided by David Wan from OldCastle
Concrete who provided the team with resources from CRSI (Concrete Reinforcing Steel Institute) found in
Table 17 from which a reinforcement design was selected to meet loading requirements. The selected

reinforcement is highlighted below.

[Blank Space left intentionally]
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SQUARE TIED COLUMNS 16" x 16"
Short columns - no sidesway fgzzﬁjxlesi f, = 60,000 psi
Bars symmetrical in 4 faces ¢M in inch-kips P in kips
Zero
Max Cap 0% fy 25% fy 50% fy 100% fy AL Ag :
c Axial
BARS | RHO Load
OM | PP | PM | PP | PM | P | PM | PP | PM | @P | M | P | 4y
4-# 8 1.23 | 1317 828 | 2029 644 2248 2] 2331 462 2434 340 752 154 | 1138
) 100 | Tdad ool ol £32d 21| £483 o] 2610 337 T30 4] 13
4410 198 | 1395| BB7T| 2236 | 676 2499 564| 2650 474] 2830 332 2168 154| 1722
4-#11 244 | 1430 923 2352 | 689 | 2629 573| 2800 478| 2997 320 2383 154| 2041
44814 352 | 1525| 1008| 2620 736 | 2958| 60G| 3193| 497 3482 302| 293 1541 2799
4518 6.25| 1738 1223 3247 | 859 | 3733| 694| 4085 541| 4575 249 4226 154| 4562
B-#6 138 | 1292| B39 1967 | 659 2181 553| 2276 473] 2336 45| 1816 154| 1265
B-#7 188 | 1332| 879 2075| 682 2312 569| 2432 483] 2545 342| 2080| 154| 1666
B-#8 247 | 1380 925| 2200 709 | 2465 588| 2616 496] 2791 338 2337 184| A&
B-#9 313 143 977 | 234 739 | 2631 6101 2814| 509| 3058 334| 2629| 154 2616
B4#10 | 3.97| 1500| 1043 | 2504 | 778 | 2840 637| 3064 527| 3389 327 2989 154| 3225
8-#11 4.88 | 1551 | 1115)] 2669 | 814 | 3033| 661] 3291 541| 3645 308| 3300 154 3743
8-#14 T.03| 1699 1285 3065 | 914 | 3525 7T32| 3883| 587| 4375 279| 4110 154| 4826
12410 | 5.85| 1667 | 1200 | 2848 | 881 | 3255 720| 3565| 572| 4078 322| 3802| 154| 4348
12-#11 731 1746 | 1307 3076 | 938 | 3522 761| 3882| 504| 4443 296| 4218 154 5041

Table 17 - CRSI Design Handbook Column Criteria

The values from the table were used to plot the Column Interaction Curve as shown in Figure 45.

Given the calculated moment and load plotted inside the column interaction curve, the column

reinforcement and size proved acceptable. The detailed calculation for column design can be found in

Appendix S.
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5.2.5 Foundation Check

As itis shown in Figure 46 below, all of the foundations in this project are shallow. Shallow foundations

are spread footings that a single column bears on a rectangular pad to distribute the load over a bigger

area or combined footings where multiple columns bear on a rectangular footing. (Nichols, 2013)

(GAS) ( @Fa (P(

e T T
383 (GB4) I/E;_a GAS)  [GAT)

T Y Y

Figure 46 - Partial Elevation in Architectural Drawings, (Gateway)

The allowable bearing pressure of the foundations in our area of focus is documented as 2 tons per

square foot in the structural documents. The full foundation details as well as the volume and loading

calculations are presented in Table 18.

Footing 21.0 20 - #10
Length (in) 252.00
Width (in) 252.00
Depth (in) 50.00
Volume of the Foundation (CF) 1837.50
Soil Bearing Capacity (tsf) 2.00
Total Soil Capacity 882.00
Loading (Ibs) 41562.50
Loading (tons) 20.78

Table 18 - Footing Details for City Square Underground Parking Ga

rage
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With soil conditions identified, the next step was to calculate the total weight of the original steel bay
and compare it to the weight of designed prestressed concrete bay. (Detailed weight calculations can be
found in Appendix T). In order to check whether the alternative bay design would be supported by the
original footings. As Table 19 shows, the designed prestressed concrete bay is much heavier than the
original steel bay. To draw a basis a comparison, the volume of the foundation was divided by the weight

of each design in order to define the “foundation strength ratio”. The foundation strength ratio

represents the weight a spread footing would carry under each bay design.

Weight of the Bay (Ibs) 72,551.17 105,381.85

Foundation Strength
Ratio (lbs/ftA3)
Table 19 - Weight and Foundation Strength Ratio for Original Steel Bay and Alternative Prestressed Concrete Bay Designs

39.48 57.35

The steel bay design had a lower foundation strength ratio due to the lower self-weight of the bay
structure. This comparison shows that the alternative design would possibly need bigger footings to
support the additional weight. Considering the high soil bearing capacity previously mentioned, an
alternative solution could be as simple as increasing the depth of the footings, but further analysis by
geotechnical engineering is necessary to arrive at a specific solution. Advanced geotechnical analysis is

beyond the scope of this project.

5.2.6 Software Assisted Analysis

A wide range of innovative software has been developed to assist the design and construction of
engineering projects. For civil engineering projects including parking garages, most software applies to
either the structural design of individual elements, the visualization and coordination of the individual
elements, or the overall management of the project. A series of software were used to complete this
project including the already mentioned project management software Primavera 6 and the online
management dashboards Gateway and Procore used by Consigli. The goal to design a feasible,
sustainable, and cost-effective alternative to a typical steel bay required the exploration of software with
structural design capabilities. The first option considered was Building Information Modeling (BIM)
because of the interconnectedness of the elements in management and design being analyzed. Several
software belonging to the collective body known as BIM were considered (Autocad, Revit, SAP200, etc),
but proved to either lack the functionality needed for the design or presented technical issues such as

expensive licenses (unavailable for WPI at the time). Albeit the decision to find a structural design
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software, research was done on BIM and its benefits, and a summary can be found in Appendix W.
Structural design functionality was particularly of interest so as to provide a computer generated check
for the calculations performed by hand and on Microsoft Excel spreadsheets (Appendix O-U) Thus, the
program Concise Beam by Black Mint Software was selected.

Concise Beam is a program for the design of precast concrete beams available for download on the
web. It allows for different beam types to be designed using different design standards, which include the
American Standard (ACl), and Canadian Standard (CSA). Figure 47 below shows the user interface of the

software as advertised on their website. (Concise Beam Home, n.d.)

— -
bl Conciie Beam 455 - 158708 © 25 - 02 Code - Red. Ld_ceon == e
Fde Edr Options Define Solution View Window Help

DEE & mP " BIYLAEBLDEBLUT™ B 240 R
158708 © 25'- 02 Cose - B 5[ E | Shear Design Gesph  {(PgUp = prev. graph, Pghn = nest graph) ERECY X"
ar Oerign |

For Melp, press F1 ACDI8-02 Us uNITS

Figure 47- Concise Beam User Interface

The built-in functionality allowing the input of all relevant elements in detail including concrete,
steel reinforcement, prestressing strands, support layout, loading, and production was used to replicate
the chosen design for double tee beam and inverted tee beam for Zone A. The software allowed for a
more detailed design for steel reinforcement for both concrete beams, but all other elements mirrored
those used in the design process detailed in earlier sections. Finally, axial, shear, and torsion analysis
were performed to check the validity of the designs. A detailed report expanding on deflection, cracks
and moment results for the double tee and inverted tee can be found in Appendix X and Appendix Y
respectively. A summary of the critical stress analysis for the double tee can be found below in Figure

48.

59



| | x | Stress | Limit | overstress
| Location | £ | psi | psi i
STREZZES AT TRAMSFER
Critical Compressiom
Top of Beam | 15, 00| 1z | 3000 | &
Bottom of Beam | 2. 70 2347 | 3000 | O
Longitudinal Tensile Rebar Meeded (inAZ)
Critical Tensiom Raguired Provided additional
Top of Eeam | L. 40| -47 | -213 | o
Bottom of Beam | 0. 00| 2| -426 | Ju:4
|STRESSES DURING INITIAL LIFTING
Critical Compression
Top of Eeam | 15, 00| 1z | 3000 | o
Bottom of Beam | 2. 70| 2347 | 3000 | %
Longitudinal Tensile Rebar Meeded (inAZ)
Critical Tensim Regquired Provided aAdditiomal
Top of Beam | E.40] -47 | -213 | O
| Bottom of Beam | 0. 0] z2 1 -426 | 0%
STRESSES DURING ERECTION LIFTING
Critical Compression |
Top of Eeam | 15, 00| 17 | 300 | o
Bottom of Beam | 2. 70| 2178 | 3900 | O
Longitudinal Tensile Rebar Meaded (inAzZ)
Critical Tensimm Reguired Provided additional
Top of Eeam | L. 40| -40 | -243 | 0%
Bottom of Beam | 0. 0| 21 -45E | 06
STREZZES IM SERVICE
Critical Compressiom
Top of Beam | 15, 00| 638 | 3900 | &
Bottom of Beam | 2. 70 1433 | 3900 | (¥
Critical Tensim
Top of Eeam | 0. 03] o | -48L = 0| Mot cracked
Bottom of Beam | 0. 03] 21 -48E = 0| Mot cracked
|STRESSES IN SERVICE (SUSTAIMED LOADS OMLY)
Critical Compression
Top of Eeam | 15, 00| 638 | ozt | 0%
Bottom of Beam | 2. 70 1433 | 2ozt | o

Figure 48: Critical Stresses Summary for Double Tee Design

The summarized results for critical stresses (shown above) are broken up by the stress acting on the
member (compression or tension) and by time period (transfer, initial lift, erection, service). The
Overstress Notice column indicates with zeros for all categories that the stresses for the double tee are
within limits (report shows default CSA standard) and the design works.

A summary of the critical stress analysis for the inverted tee can be found below in Figure 49.

[Blank Space left intentionally]
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X | Stress | Limit | onverstress
| Locatiaon I £ |1 psi | psi i

STRESSES AT TRANSFER
Critical Compression

Top of Eeam | 0. 00| -1 | 3000 | 14
Bottom of Beam | 26.08 | 3887 | 3000 | 306

Longitudinal Tensile Rebar Meaded (inAZ)
Critical Tension Required Provided aAdditional
Top of Eeam | 26. 371 -09g | -426 | 135% ., 7 Z. 8 0.0
Bottom of Beam | 0. 0] 4 | -426 | i 4

|STRESSES DURING INITIAL LIFTING
Critical Compression

Top of Beam | 0. 00| -1 3000 | =4
Bottom of Beam |  26.09| 3857 | 3000 | 305
Longitudinal Tensile Rebar Meeded (inAZ)
Critical Tension Reguired Provided Additional
Top of Eeam | 26. 371 -09g | -426 | 135% &7 2.B 0.0
| Bottom of Beam | 0. 00 4 | -425 | o

STRESZES DURING ERECTION LIFTING
Critical Compression

Top of Eeam | 0. 0] -1 | 3000 | 1=
Bottom of Beam | 26. 09| 3550 | 300 | [1:4
Longitudinal Tensile Rebar Meaded (inAZ)
Critical Tension Reguired Provided Additional
Top of Eeam | 26. 371 -g10 | -485 | BT 2.5 2.B 0. O
Bottom of Beam | 0. 00| 4 | -485 | 0%
STRESSES IN SERVICE
Critical Compression
Top of Eeam | 14, 33| 1229 | 3900 | 1.4
Bottom of Beam | 26. 371 2719 | 3900 | 524
Critical Tension
Top of EBeam | 26.37) -247 | -485 |+ %] Mot cracked
Eottom of Seam | 0. 00 3| -485 |* ox| Mot cracked
|STRESSES IM SERVICE (SUSTAINED LOADS OMLY)
Critical Compression
Top of Eeam | 14, 33| 1229 | 2828 | [1: 4
Bottom of Beam | 26. 371 2ms | 2025 | -4

Figure 49: Critical Stresses Summary for Inverted Tee Design

For the inverted tee, the Overstress Notice column indicates non-zero values for both stresses at
transfer and stressed during initial lifting. However, the notes to the right of the Overstress Notice column
indicate that the tensile rebar provided exceeds the required longitudinal bar. Thus, the stresses caused
by the prestressing strands before the member is in service are controlled by the provided steel
reinforcement, and the design is valid.

The results found using Concise Beam mirrored those obtained using hand calculations and Excel
spreadsheets. However, Concise Beam offered a greater level of detail in the analysis of torsion and shear
which were not the critical aspects of the alternative design.

Beyond its design functionality, Concise Beam offered a visual component responsive to the specific
design parameters of each design element. The software created a basic 3-D representation of the double

tee and inverted tee beams on an x-y-z plane, which can be found in Figure 50 and Figure 51 respectively.
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Figure 50: 3-D Model of Double Tee Design without Connection Details

Figure 51: Model of Inverted Tee Design without Connection Details

The model was useful for clarification of the design, as it allowed shifting and panning 360 °.
Unfortunately, the 3-D models presented limitations to model connection designs mentioned in earlier
sections and could not communicate with each other. Hence, supplementary software, Google SketchUp,
was used to generate accurate 3-D visualizations of the alternative design. Figure 52 and Figure 53 below

provide a comprehensive visualization of the alternative bay.
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Figure 52: Isometric View Alternative Prestressed Concrete Bay Design

Figure 53: Bottom of Alternative Prestressed Concrete Bay Design
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6.0 Axiomatic Design
Decomposition of Alternative
Prestressed Concrete Bay

6.1 Overview

Axiomatic Design is an approach to engineering design based on two axioms, or laws, which assure
that the most effective design process is being utilized. It can be applied to the entire design process of a
project, including the planning or manufacturing. In its essence, it aims to identify a design which (1)
maximizes the independence of the functional elements and (2) minimizes the information content.
(Brown, 2013) Figure 54 below outlines the Axiomatic Design process which, according to Suh, correlates
four domains, with the left representing “what we want to achieve” and the right domain representing

the solution to “how we want to achieve those goals”. (Angwafo, 2014) (2001)

Custormer Function Desizn Brocess

Duoman Datmain Duomain Diomain

Custotmer Product Product Process to
Meeds Funictions Design Redlize Product

Figure 54 — Axiomatic Design Process (Sohlenius, 1998)

Axiomatic Design was first identified by Nam P. Suh, president of KAIST and MIT professor, in the late
70’s in Cambridge, MA. Suh was able to develop this concept which is now applied across industries and
has identified three essential components for it:

e Axioms (independence and information)

e Structure (lateral and vertical decomposition)
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e Process (zigzagging decomposition)

This approach helps identify the best design solution from a conceptual stage and ensures that
the customer is receiving the most added value. According to Suh, the goal of the design is to maintain
the independence of the functional elements and minimize the information content in order to maximize
the probability of success. (Suh, 2005) Furthermore, axiomatic design decomposition demands that the
list of FRs satisfying the customer be collectively exhaustive, mutually exclusive and stated in a minimum
form. The design axioms are also subject to additional theorems and corollaries that are described by Suh

to further support an analysis (Suh 1990).

6.2 Decomposition

In this project, Suh’s axiomatic design method is used to decompose and determine all the
functional requirements that the alternative prestressed design had to meet. More specifically, it is
focused on the bay dimensions, installation requirements, and the functionality of the design. The
axiomatic design decomposition was used to guide the decision-making process to create the most
effective bay structure. Additionally, the axiomatic design approach was made from a management and
civil perspective in order to ensure a cost effective bay which met the proper construction requirements.
This analysis was made by utilizing Acclaro Software.

The first step was to identify the customer needs for the bay in order to determine the functional
requirements. Table 20 below outlines the customer needs from both, a civil and management
perspective.

Constructible ‘1. Low maintenance cost
Allow parking and movement of cars Low cost, but durable material
Repeatable and constructible design

Low installation cost and time

1

2

3. Ability to support heavy loads

4. Transfer loads down to the footings
5

Support and connect the double tee beams and Efficient delivery of materials

O R

inverted tee beams Quality Assurance of assemblage
6. Columns that connect with inverted tee beams

Table 20 - Civil and Management customer needs
The following step after identifying the customer requirements was to determine the overarching

functional requirement (FRO) — fabricate a modular pre-stressed concrete typical bay for an underground
parking garage. This was then broken down into six main functional requirements outline below. The

twelve customer requirements identified below have been consolidated into these six main requirements:
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FR1 — Span 30’ x 30’ space

FR2 — Accommodate motion of vehicles

FR3 — Allow for structure to be reproducible

FR4 — Support structure and vehicle load

FR5 — Produce a financially viable modular bay

FR6 — Provide for easy field assembly

These were paired to their respective design parameters. The breakdown of the functional and design

parameters, as well as further subsections, can be seen below in Figure 55 - Axiomatic Design

Decomposition, as shown in the Acclaro Software. The full breakdown of the axiomatic design

decomposition can be found in Appendix Z.

# [FR] Functional Requirements

[CP] Design Parameters

=0 IFabricate a modular pre-stressed concrete "Parking Bay™
E—J 1 ISupport structure and vehicle load
711 ISupponthe double tee beams and the load

14 IConnecﬂhe columns and inverted tee beam (girder)

15 ITransfer load down to the footings
== IAccomodate maotion of vehicles

21 IDistance between columns

22 IAIIow 8" 6" height for motion of vehicles
=3 IAIIowfor structure to be reproducible

31 ICreate a mold for the bay reproduction
3.2 || Cesign that fits site space

12 IConnecT beam and girder to allow the transfer of loads

System to fabricate a modular pre-stressed concrete "Parking Bay”™
HDesign for supporting the structure and vehicle loads
.Design ofthe inverted tee beam (girder)
.Design of dapped end

13 ISupponthe axial and seismic loading for the tributary area .Design of Columns

.Corbel Connection
lFoundations

gDesign that allows motion of vehicles
.Double tee beam with 30" x 30" dimensions
lCqumn design and height

gSystem for producing structures on demand
.Fabricate a mold for the bay reproduction
lDesign ofthe bay

=+ 4 H|Provide for easy field assembly

H Method for field assembly

Pre-stage and transport materials to site

----- 42 IDeIiver materials in proper order

----- 43 Iruﬁonitor quality of structure assemblage

----- 44 Il—éave machinery/llabor necessary to assemble
=5 IF'roduce afinacially viable modular bay

----- 51 ISeIect material with low cost

----- 52 Iru‘:amain alow assembly cost

----- 53 ISustain alow maintenance cost

= B ISpan 30" x 30" space

----- 6.1 | imensions of 30" x 30°

----- 6.2 Iru‘:aximize load capacity and minimize self weight
----- 6.3 ISumcient strength to carry load

- 6.4 ISumcient pre-stress force

----- 6.5 IUn—cracked when casting

- 6.6 IRemain uncracked under service

Figure 55 -

.System of pre-staging and transporting bay parts
.Deliuery schedule and timing
.ruiethod of monitoring quality assurance
lArrange machinery/labor schedule according to each activity
,Cost of production, assembly, and maintenance

.Type of material slected

.System of assembly

lSystem for maintenance of the structure
,r-,‘:ethod to span 30°x 30" space

dimensions of double tee beam

.cross—sec’[ional area of double tee beam
.type of concrete
.number of pre-stressing strands
.eccentricity of pre-stressing strands

lnumber of pre-stressing strands

Axiomatic Design Decomposition
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6.3 Results - Matrix

After identifying the functional requirements and the respective design parameters, these were all

compared to each other to determine which design parameters would impact multiple functional

requirements. This can be seen in the decomposition matrix below, were the “x” marks the relation

mentioned above. The first matrix (Figure 56) represents the initial representation of the axiomatic design.

The second matrix (Figure 57) represents the results of the matrix after being optimized by the Acclaro

software.

FR

?

Fabricate a modular pre-stressed concrete "Parking Bay"

FR1- Span 30' x 30' space

i

FR2- Accomodate motion of vehicles

L

FR3- Allow for structure to be reproducible

FR4- Support structure and vehicle load

FR3- Produce a finacially viable modular bay

FR

o

Provide for easy field assembly

FR

7

Fabricate a modular pre-stressed concrete "Parking Bay"

FRI1- Support structure and vehicle load

FR2- Accomodate motion of vehicles

]

FR3- Allow for structure to be reproducible

FR4- Provide for easy field assembly

FRS5- Produce a finacially viable modular bay

FR6- Span 30" x 30' space

Figure 57 - Axiomatic Design Matrix (optimized)
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After optimizing the matrix, the result is a “decoupled” matrix. This is considered a decoupled
matrix given that the Design Parameters’ (more than one) affect more than a single Functional
Requirement and it satisfies the Independence Axiom. If the design was coupled, meaning that the “x”
was to the right of the Independence Axiom, new choices of DP’s would be necessary in order to find an
uncoupled or decoupled design. Hence, the order of the functional requirements is important which is
why the matrix was optimized. After completing the optimization, the FR’s were arranged in order of
importance from the bottom-up. In this case, the functional requirement of a 30°x30’ span is the most
critical since it is affected by four different design parameters. This approach can be applied to the other
FR’s to determine their importance. Essentially, the more DP’s that affect the FR the more critical it is.
Similarly, the most critical design parameter is the design for supporting the structure and vebhicle loads,
given that it affects four FR’s.

Applying Suh’s axiomatic design method to any project can prove to be very useful because it
helps the decision-making process for the activities that need to be accomplished. It creates a graphical
representation of all the functions that need to be accomplished in order to deliver the end product or
service and includes all the parameters throughout the process that may affect it; hence providing metrics
that can be used to differentiate between competing design concepts. More specifically to a construction
project, it can aid the project manager and superintendent identify the key functions that the structure
needs to meet and which are the critical activities that may have an impact end-product that needs to be
delivered to the owners. Additionally, it can serve as a methodology to identify which type of design,

material, and activities would optimize the construction while meeting the expectations of the owners.
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7.0 Sustainability

Efforts to reduce the impact of the construction industry have led to advancements in a diverse range
of sustainability concepts that are being gradually adopted more. Additional to environmental
considerations, sustainability efforts encompass variables such as the durability of construction materials
to reduce additional costs to projects. According to WRAP, an agency for the waste management of the
UK, lifetime maintenance and management costs of buildings can be five times greater than the cost of
construction itself. (Optimizing durability and lifespan, 2014) In this project, a quick assessment on the
durability of a steel design against the precast design was performed through methods such as embodied
energy analysis and LEED assessment.

The useable life of a construction material depends on its properties, its manufacturing, its usage, and
its maintenance/management. All these variables can be tracked and quantified, allowing for comparisons
between materials that shed light into the sustainable practices and resources. In this project, a life cycle
assessment for both structural steel and precast concrete was performed, guided by the principles listed

in the life cycle assessment diagram below:

Operational
Water

Construction
Process

Operational
Energy

Maintenance
Repair

Replacement
Refurbishment

Installed
Products
In Use

Figure 58 - Life Cycle Assessment Diagram

7.1 Embodied Energy

Interrelated with the Life Cycle Assessment, an embodied energy analysis can add basis for
comparison between construction materials. All of the activities prior to receiving a material amount to a

sum of costs, transactions, logistics, and handling which require energy. The concept referred to as
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embodied energy, can be defined as the total energy inputs consumed throughout a product’s life-cycle
(Cannon Design, 2013). Unlike the life cycle assessment, which evaluates all of the impacts over the whole
life of a material, embodied energy does not include the operation or disposal of materials and only
considers the front-end aspect of the impact of a building material. When selecting building materials, the
embodied energy should be considered with respect to the durability of building materials, how easily
materials can be separated, the use of locally sourced materials, and the use of recycled materials,
amongst other considerations. (n.a. 2014)

For this project, the focus was on the embodied energy encompassed in construction materials
used for the parking garage at their arrival for assembly. The analysis consisted on comparing the
embodied energy of the construction materials specified by the project’s construction document
(structural steel and reinforced concrete) and the energy encompassed in precast concrete, the material
for the alternative design. The embodied energy of the building materials is averaged based on the two
widely referenced embodied energy coefficient databases - Alcorn and Wood, 1998 and Hammond and
Jones, 2008.

The first analysis of embodied energy was conducted on the current design to be built by Consigli.
In order to narrow down the scope of the analysis, the team decided to complete the embodied energy
analysis of a single typical bay for Zone C (ball field area). Table 21 represents the embodied energy

calculations for the steel bay.

Steel Beam 2177.24 kg 3457  Ml/kg 75259.98 M)
Steel Girder 2286.10 ke 3457 | Mi/kg 79022.98 M)
Steel Column 898.34 ke 3457  Ml/ke 31052.58 M)
Composite Metal 83.61 m?2 560.00  MJ/m?  46823.112 M)

Decking
Total | 232,158.66 M)

Table 21 - Steel Bay embodied energy calculations
The second analysis of embodied energy was conducted on the alternative design being proposed in

this project. The embodied energy of 2.0 MJ/kg used in this analysis was derived from the data provided
in the Australian guide to environmentally sustainable homes for “precast steam-cured concrete”. (Milne,
2013) Although embodied energy numbers may vary by country and region in the world, our team made
the assumption that 2.0 MJ/kg was a close representation of the embodied energy of prestressed
concrete in the United States. Table 22 represents the embodied energy calculations for a single typical

bay of the precast alternative design.
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Double Tee 30 LF 2 33202.93 kg 2.00 Ml/kg = 66405.87 M)

'”"Teer:w 28.67 F o1 13654.71 kg 2.00 Mi/kg  27309.41  MIJ
Concrete 8.5 F 1 836.58 kg 2.00 Mi/kg  1673.16  MJ
Column

Total 95,388.45 mJ
Table 22 - Precast Concrete embodied energy calculations
After conducting both analysis, the team was able to determine that the embodied energy for the

prestressed concrete bay is significantly lower than that of the steel bay. The total embodied energy for a
steel bay is 232,158.66 MJ, whereas for the precast concrete bay is 95,388.45 MJ. The graph below in

Figure 59 visually represents the difference between one material and the other.

Embodied Energy Comparison

250,000.00
200,000.00
150,000.00

100,000.00

Embodied Energy (MJ)

50,000.00

0.00
Steel Precast Concrete

Bay Material

Figure 59 — Embodied Energy Comparison Graph

The results from the embodied energy calculations reflect the assumptions that the team made about
the benefits precast concrete over steel. As the figure shows above, there is a significant difference

between both materials which, in the long-run, can have a big impact in the environment.

7.2 LEED

Leadership in Energy and Environmental Design is a voluntary rating system that assess the level
of sustainability in buildings and motivates owners to be environmentally responsible by using resources
efficiently. (PCI, 2009) This point- based system has 7 environmental categories: Sustainable sites, water
efficiency, energy and atmosphere, materials and resources, indoor environment quality, innovation in

design, and regional priority. “In LEED 2009, the allocation of points between credits is based on the
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potential environmental impacts and human benefits of each credit with respect to a set of impact
categories. The impacts are defined as the environmental or human effect of the design, construction,
operation, and maintenance of the building, such as greenhouse gas emissions, fossil fuel use, toxins and
carcinogens, air and water pollutants, indoor environmental conditions. A combination of approaches,
including energy modeling, life-cycle assessment, and transportation analysis, is used to quantify each
type of impact.” (PCl, 2009) A building is LEED certified with silver, gold or platinum when ratings are
awarded for at least 50, 60 or 80 point out of 110 points, respectively.

For this project, certain LEED concepts were evaluated based on the LEED checklist provided in
Appendix AA. A full LEED evaluation was not conducted on the project given that the team did not have
the expertise required to provide an in depth analysis of each concept and most of the concepts did not
apply to an underground parking garage structure. However, it was deemed relevant to consider certain
LEED concepts, given that sustainability is such an important component of every construction project.
The team was able to identify areas in which the project was performing really well and other areas which
needed improvement. These areas are explained and divided below into aspects in which the project

performances well in accordance with LEED standards and areas that need improvement.

AREAS OF COMPLIANCE WITH LEED

Site Selection

Intent = “to avoid the development of inappropriate sites and reduce the environmental impact from the
location of a building on a site.” (PCl, 2009)

It requires that buildings are not developed in prime farmland areas, land identified as habitat for any
endangered species, and previously undeveloped land within 50 feet of water body, amongst other. The
construction of the underground parking garage does not interfere with any of the project areas stated in
LEED checklist, hence making the site selection of the project a great location for it.

Development Density and Community Connectivity

Intent = “To channel development to urban areas with existing infrastructure, protect green fields, and
preserve habitat and natural resources.” (PCl, 2009)

According to this requirement, the construction has to be located on a previously developed site, is within
1/2 mile of a residential area, and is within % mile of at least 10 basic services, all requirements which it
meets. The parking garage is being developed on the grounds where a mall used to be and is located in

downtown Worcester, locating it near more than 10 basic services for the community.
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Construction Waste management

Intent = “To divert construction and demolition debris from disposal in landfills and incineration facilities.
Redirect recyclable recovered resources back to the manufacturing process and reusable materials to
appropriate sites.” (PCl, 2009)

This requirement is to promote the recycling and proper disposal of materials and waste from a
construction. Consigli developed a waste management plan to properly dispose of materials from the
demolition of the mall and excavations by sorting the materials prior to being sent to specific sites for

material disposal/reuse.

Intent = “To reuse building materials and products to reduce demand for virgin materials and reduce
waste, thereby lessening impacts associated with the extraction & processing of resources.” (PCl, 2009)

The requirement is for a project to use salvaged, refurbished or reused materials, which sum at least 5%
or 10%, based on cost, of the total value of materials on the project. The team has identified this as an
area of improvement for Consigli as materials for parking garage were not reused. For instance, steel was
being bought from a mill and materials from the previous site were not reused, not reflecting sustainable

practices.

Intent = “To reduce pollution and land development impacts from automobile use.” (PCl, 2009)
Although the team was not able to observe the finalized construction of the parking garage, this is an
important requirement to consider and implement. If Consigli provides preferred parking areas or
discounted parking rate for low-emitting and fuel-efficient vehicles, it could potentially serve as an
incentive for more sustainable transportation vehicles, which will reduce pollution.

Although Consigli is not working towards being LEED certified for this project, it is important to
consider best practices for sustainability and identify materials which can reduce the impact in the
environment. Identifying materials and resources which can be reused, encouraging alternative
transportation methods such as bikes, optimizing energy usage, and using low-emitting materials are just
some of the things that Consigli should consider prior to the development of the project. This will not only

benefit the company and end-users, but the environment as well.

7.3 Life Cycle Cost Analysis

When evaluating the sustainability of a project, it is essential to consider the life-cycle cost of the

materials and the financial implications it might bring. In this project, a cost analysis is made on a single
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bay for both designs and their individual net present value was calculated. The first aspect that was
analyzed with regards to cost was in relation to the GMP once it was finalized. It was important to look
at the big picture and analyze the total cost of the project in relation to similar projects. Figure 60 below

gives a breakdown of the numbers that were provided in the GMP.

Total cost of Project: $34,299,152
Total number of Spaces: 547

Cost per space: $62,704.12*
National Average cost/space: S15K-$21K**

*have to consider that it’s two stories, it’s underground, and it is structurally sound to support the
construction of a future hotel and it includes the mitigation plan for the adjacent East Garage.
** (Litman, 2012)

Figure 60 - Project Cost Analysis
As noted above, the total cost per space of this project is about $62,000, almost three times as

much as the national average cost per space, according to Todd Littman of the Victoria Transport Policy
Institute. Although this might seem alarming at first, it is important to note that it is a number derived
from dividing the total GMP by the number of parking spots which does not only considers the cost of
materials and labor for each spot. Instead, it encompasses all the activities that were part of the
construction of the project which ultimately delivers parking space for 547 vehicles in conjunction with
the additional work requested by the owner to prepare the site to enable the future construction of a
superimposed hotel on the Building E area and the above grade finishes for the common area atop the
Ball field area.

After drawing some general cost analysis on the GMP, the next step was to calculate the total cost
of producing a single modular bay. Given that the scope of this project was narrowed down to creating an
alternative design for a single modular bay, it was deemed appropriate to do the cost analysis on a single

modular bay for the steel design and the prestressed concrete design. The breakdown of the costs for

each of the designs is shown below inTable 23 and Table 24 respectively.

W18x40  4799.95 Ibs = 3000 LF 4  $5850 $4.25 $1.73 $500.00  $8,237.60
W27x84 | 5039.94 lbs 3000 LF 2  $122.00 $3.51 $1.39 $250.00  $7,864.00
W14x233 198048 lbs 850 LF 1  $346.64 $4.20 $2.20 $250.00  $3,250.84
?;:Z'k?;ag' - - 90000 SF 1  $2.34 $0.57 $0.05 $250.00  $2,914.00

6" slab - - 90000 SF 1  $2.09 $0.91 $0.28 $3.28  $2,955.28
4000 psi

TOTAL | $25,221.72
Table 23 - Cost Breakdown of Steel Modular Bay
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Alternative

Bay L Unt W Unit D Unit g;'/ DI;';"/ Unit c'\;'::;lrj':llt c'ﬂ::;::'
Element y y y
Double Tee 3000 LF 1500 LF 250 LF 2 900.00 SF  $10.00  $9,000.00
'”"Tirze‘j 2867 LF 333 LF 250 LF 1 2867 LF  $225.00 $6,450.75
Concrete ooy |F 850 LF 117 LF 1 850 LF  $200.00  $1,700.00
Column

Alternative Trucking Trucking  Labor/Install
Bay Total Cost
Layout Cost Cost
Element
Double Tee 1 pertruck  $1,000.00 $2,000.00 $12,000.00
I ted
n\frtaeree 2 per truck $500.00 $1,000.00 $7,950.75
Concrete ) ertruck  $500.00 $1,000.00  $3,200.00
Column

TOTAL $23,150.75

Table 24 - Cost Breakdown of Prestressed Concrete Modular Bay

The cost for the modular steel bar were calculated using a combination of information obtained
from the GMP and project with RSMeans 2015. These costs were adjusted to the city of Worcester using
RSMeans location factors. The specific costs for steel element were calculated based on average costs
based size and dimensions. It must be noted that the cost of steel fluctuates with respect to time, and
pricing for individual beams differs from large-scale orders from mills which roll to order. Despite these
factors, the total cost of the steel bay represents an accurate approximation providing a basis of
comparison.

The cost calculation and breakdown for each of the components of the prestressed concrete bay
were obtained by contacting David Wan, Chief Engineer at Oldcastle Precast, a leading manufacturer of
precast concrete in the U.S. Through his guidance and recommendations, it was possible to calculate the
approximate industry cost of the material based on the dimensions of the design, as well as the
installation, trucking, and labor cost. As a result from these calculations and additional research, the team
was able to conclude that the prestressed concrete bay would have a lower total cost of about $2000.
Although it may not seem as a significant cost difference at first, this is just the cost of a single bay and

the parking garage would have multiple of them, adding into the cost and potential savings.
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Additionally, a net present value calculation was made on both designs in order to analyze the
profitability of the investment in this project. “The purpose of net present value is to help analysts and
managers decide whether or not new projects are financially viable. Essentially, net present value
measures the total amount of gain or loss a project will produce compared to the amount that could be
earned simply by saving the money in a bank or investing it in some other opportunity that generates a
return equal to the discount rate.” (Hamel, n.d.) In order to calculate the net present value of the
investment in each bay, the Net Cash Inflow (NCI) had to be calculated. It is important to note that it is
hard to determine the net cash inflow of this specific project as there are many variables that may affect
the cash inflow and general assumptions were made for purposes of this analysis. In order to calculate
the Net Cash Inflow, a parking cost, pricing, and revenue spreadsheet created by Todd Litman of the
Victoria Transport Policy Institute was utilized. (Litman, 2012) Table 25 below shows the calculations for

the NCI for a year considering that each bay holds six parking spots.

Steel $150.00 $900.00 80% $8,640.00 $6,200.00 $2,440.00 39%
Prestressed $150.00 $900.00 80% $8,640.00 $4,400.00 $4,240.00 96%
Monthl Portion of Annual costs of
¥ Monthly parking rented maintenance +
Rates I Gross revenue
Income for 6 any month, or Total revenue. $2000 (facilities, .
Charged R . minus costs.
spots portion operations, and
Users e
thereof. pricing expenses).

Table 25 - Net Cash inflow/year (Ct)
For purposes of this net cash inflow analysis, these are the assumptions that were made:

e The monthly rate per parking spot will be $150 a month

e No rate per hour was considered

e 80% of the parking spots were being rented/producing income every month

e Maintenance cost per parking spot for the Steel design is $700 annually

e Maintenance cost per parking spot for the Prestressed design is $400 annually

e Facilities, operations, and pricing expenses annually are $2000

The following step to calculate the Net Present Value (NPV) was to put the values for all the variables of

the NPV formula. The NPV formula is defined as:

T
MNPW =3 —— -C
E(Hr]‘ ’
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where:

C: = net cash inflow during the period r = discount rate
Co= initial investment t = number of time periods

For this project, the team utilized Microsoft Excel embedded formulas to calculate the net present
value of both designs. However, instead of doing a single calculation, the team made 3 different scenarios
with different discount rates in order to analyze what type of scenario would benefit or impact the
investment more. A life-expectancy of 50 years was considered for both designs, although research claims
that prestressed concrete parking structures can have a durability of up to 100 years with good maintenance,

compared to the 50-70 years of a steel design. Table 26 below illustrates the three scenarios that were

considered for this project.

steel prestressed
Discount Rate [r] Initial Investment (C,) 325,221.72 §23,150.75
Total Life of Project 50 Net Cash inflow/year (C,) $2,440,00 $4,240.00
t) 1year 2years 5 years 10 years 25 years 35 years 40 years 50years
steel ($22,897.91) © (520,684.76) ' (514,657.80) ' ($6,380.69) = $9,167.50 = 514,73L.31  $16,646.45 = $14,731..31
prestressed ($19,112.65) ' ($15,266.85) @ ($4,793.77) ' $9,589.41 ' $36,607.57 | $46,275.83 ' $49,603.78  $54,254.37
steel prestressed
Discount Rate [r] Initial Investment (C,) $25,221.72 $23,150.75
Total Life of Project Net Cash inflow/year (C,) $2,440.00 $4,240.00
(t) 1year 2years 5 years 10 years 25 years 35 years A0 years L0 years
steel (522,962.46) ' ($20,870.55) ' [$15,479.51) © ($8,849.12) = $824.73 $3,215.43 = $3,874.34 ' $3,215.43
prestressed  (519,224.82) © ($15,589.71) © (56,221.66) ~ $5,300.00  $22,110.30 = $26,264.62  $27,409.61  $28,719.22
steel prestressed
Discount Rate [r] Initial Investment (C,) $25,221.72 523,150.75
Total Life of Project Net Cash inflow/year (C,) $2,440.00 $4,240.00
t 1year 2years 5 years 10 years 25 years 35 years 40 years 50years
steel (523,043.15) ' ($21,098.00) ' ($16,426.07) ©($11,435.18)  (36,084.46) = (55,273.49) © ($5,106.90)  (55,273.49)
prestressed  ($19,365.04) | ($15,984.93) ' ($7,866.50) ' $806.20 ' $10,104.16 = $11,513.39  $11,802.86  $12,060.32

Table 26 - Net Present Value Calculation
After calculating the NPV for the three different discount rates, it is clear that the higher the discount

rate the less economically feasible is the project. Given that there is no target rate of return for this project,
it was decided to use a low, a medium, and a high rate of return to account for the risk, opportunity cost,
and other factors. Although the prestressed design does have a positive return of investment with all three
discount rates, the steel design only has a positive NPV with the 5.00% and 8.00% discount rate. The

following plot graphs in Figure 61 clearly illustrate the results from the NPV calculations.
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5.00% Discount Rate 8.00% Discount Rate

$60,000.00 $40,000.00

$50,000.00 $30,000.00

$40,000.00

$30,000.00 $20,000.00

$20,000.00 $10,000.00

$10,000.00 $0.00

$0.00 1 2 50
($10,000.00) 1 2 50 ($10,000.00) year yea earsyearsyearsyearsyears
($20,000.00) y rsyearsyearsyearsyearsyears ($20,000.00)
($30,000.00) ($30,000.00)
e=@==stee| «==@=prestressed =@==stee| ==@=prestressed

12.00% Discount Rate

$15,000.00
$10,000.00
$5,000.00
$0.00
($5,000.00)
($10,000.00)
($15,000.00)
($20,000.00)

($25,000.00)

e=@==stee| ==@=prestressed

Figure 61 — Discount Rate plot graphs
Essentially, a positive net present value is measuring the total amount of gain which this project can

produce compared to simple saving the money in the bank or investing it in another opportunity with the
same discount rate. Given that this is a long-term project and with a lower discount rate it has a positive
NPV, it means that Consigli should go ahead with the project. However, with a higher rate of return such as
12%, the project would not be a financially smart decision if the design is made out of steel. (Hamel, n.d.)

Table 27 below summarizes the results from the various NPV calculations and shows if the project would be

a sound investment.

Discount Rate Steel NPV Invest?  Prestressed NPV  Invest? \

5.00% + v + v
8.00% + v + v
12.00% - x + v

Table 27 - Net Present Value Summary
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Although calculating the NPV seems like a reasonable way to measure the value of an investment,
it is important to consider that it is limited by guesses of what might happen in the future. The usefulness of
NPV relies on the accuracy of the expected income of a project and the discount rate. In this case,
assumptions have been made to determine the expected income and three different discount rates were
considered in order to account for these undetermined variables. An optimistic expected income or a low
discount rate can simply return a net present value which might reflect an overestimation of a project's
potential; hence, these numbers include several assumptions and are not an exact reflection of the potential
of the project. Nonetheless, it serves as an example of the positive impact the NPV can have during the

decision-making process of a project.
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8.0 Conclusions & Future Work

The goal of this project was to create a sustainable and cost-effective alternative design that met all
requirements indicated by the existing construction documents. This study on the Underground Parking
Garage built by Consigli Construction, contains an analysis on the project management components of
construction, the application of lean concepts to the project, a sustainable and cost-effective alternative
design, and the application of the axiomatic design method to the proposed alternative design. The following

conclusions and future steps can be drawn from each of these steps:

Project Management

Overall, the management of three main components of cost, schedule, and communication was
done effectively with a spirit of collaboration amongst most key players. However, various analysis
presented in this report indicate several areas of improvement and shed light into the intricate and complex
nature of underground construction in a downtown area. Evaluating the project management as both
effective both in need of improvement poses somewhat of a contradiction, but its true value comes through
when considering the difference between the negative ramifications generated by the delayed signing of
the GMP and the quality of Consigli’s overall management. In this context, it is fair to say Consigli attempted
and usually succeeded in applying good project management practice under the shadow of a major financial
and logistical hurdle. As for immediate action to further improve communications, it is recommendable for
Consigli to expedite the issuing of formal documents like change requests to draw weekly conversations and
efforts into the issues that may have a negative impact on the overall schedule.
As for future work, much depth could be added to any of the analysis presented in this report with an
extension of the data collection phase. Even as the duration of this project allowed the team to arrive at
interesting all-encompassing conclusions, the conditions and progress of construction may to change with
the passing of project time. Because of this changing nature of construction projects, a longer-spanning
study could solidify general conclusions and have more data to interconnect the reviewed area of focus such

as project management, design, and sustainability.

Lean Construction

Overall, Consigli performed well in the six lean concepts which were analyzed in this report. The
communication between all parties involved was very good and the inventory and materials were
maintained low, which increase the efficiency of the project. Nonetheless, a big part of being Lean is the use
of a “pull system” or “pull schedule”. For future projects, it would be beneficial to involve a member who
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can devise a pull schedule for the project. This may help increase the effectiveness of the activities
performed and potentially lower the cost and delivery time of the project. The application of lean practices
are important throughout the duration of the project, but a clear implementation plan and setting up metrics

are essential prior to the start of the project.

Alternative Design

The design of a typical bay using prestressed concrete members resulted in a feasible and
constructible alternative to steel construction. The success of the overall bay depended on the soundness in
design of the individual pieces in addition to constructability, serviceability, and sustainability considerations
for the underground parking garage as a whole. The design process proved to be challenging and at times
foreign, but the reliance on available WPl and external (industry) resources allowed for a detailed design
that met all project-specific criteria. This process was expedited greatly by the decision of focusing on one
loading zone and general area of the garage, as it allowed for the kind of repetition and practicality which
underlay successful construction projects.

In terms of future work, this project is ripe with opportunities to continue the developed design
methodology to cover a greater area of the parking garage, if not all. This report includes extensive research
in the design process of prestressed concrete members which in addition to valuable tools could be utilized
to develop a full alternative design for a complex underground parking structure. Additionally, there remains
a great potential for the development of data-rich building information modeling that could allow the
exploration of other critical construction aspects such as site logistics, labor coordination, and client

interactions.

Axiomatic Design methodology

Applying the axiomatic design to any project can prove to be very useful because it helps the
decision-making process for the activities that need to be accomplished. It creates a graphical representation
of all the functions that need to be accomplished in order to deliver the end product or service, and includes
all the parameters throughout the process that may affect it; hence providing metrics that can be used to
differentiate between competing design concepts. Although it is not commonly used in construction
projects, this methodology can aid the project manager and superintendent identify the key functions that
the structure needs to meet and which are the critical activities that may have an impact end-product that
needs to be delivered to the owners. Applying this thought process during the planning phase of the project
may prove to be the most useful, as it will help guide the decision-making and thought process of the key

players involved.
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Sustainability

In terms of sustainability the team looked at the embodied energy of the two designs and the
alternative prestressed design proved to have a lower embodied energy than the current steel structure.
Similarly, the alternative design had a higher positive net present value proving to be a more financially
viable option in the long-run. Although the parking garage was already under construction and the design
was not going to be changed, the team recommends that for future projects sustainability should be an
important factor considered during the design phase. A sustainability assessment prior to the start of the
project and finalization of the design should be done to ensure that a sustainable design and practices are
being utilized. Moreover, parking garage structures are no longer LEED certified but applying some of the

LEED concepts can ensure that sustainability efforts are met and considered.

Overall, having the opportunity to observe the Consigli Team that worked in the construction of the
underground parking garage for the CitySquare development was a great experience. It served as a chance
to apply concepts learned at WPI to a real-life project and have hands-on exposure to the development of
the construction. Although Consigli will not use the alternative design proposed in this report or the
conclusion drawn from the project to change the current construction, the report will serve as an assessment
and evaluation tool for future projects. More specifically to this project, it would have been more beneficial
for our team to be present during the planning phase prior to the start of the project and during the erection
of the steel structure to better apply the concepts covered in this report. Images of the site development
during the project duration can be found in Appendix BB .However, the time frame for the construction of
the entire aligned partially with the time of execution of this study making it somewhat challenging.
Nonetheless, it was a great experience and served as an opportunity to learn new concepts and apply the

ones learned in class at WPI.

Note: All the electronic files utilized during this Major Qualifying Project are listed in Appendix CC. An
explanation to each file and the calculations and information they contain can be found there as well. The

MQP proposal submitted in A-Term can be found in Appendix DD.
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Appendix A: Construction Drawings of “Head Houses”
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Appendix B: Underground Parking Structures Background

Underground construction is a common way of maximizing subsurface space and accommodating
facilities of diverse functionalities. The functionality of underground construction is mostly limited by the
geological conditions of the site, but even so geological advancements and modern construction methods
enable a broad spectrum of usages for investors, cities, and industries to explore.

To better understand the diversity of underground spaces, a classification system with groupings

by function, geometry, origin, site feature and project feature can be developed. Table 28 provides the

major categories for underground space.

Function _ Geometry Site Feature Project Feature
Residential Type of space Natural Geography Rationale
Nonresidential Fenestration Mined Climate Design

Relationshi
Infrastructure elationship to End use Land use Construction
surface
.. Depth dimension to Ground conditions
Military . - . . Age
Scale of project building relationships

Table 28 - Major Classification Groupings of Underground Space (Goel, et. all., 2012)

Further classification can be done using any of the groupings displayed above, but a closer look at
geometry and site feature, more specifically on the relationship between structure and ground surface,
provides a comprehensive classification for underground construction in the civil realm.

Classification by the vertical dimension of the underground space, or its depth, allows all underground

spaces to be studied from a geotechnical and structural view. Table 29 below provides this overview.

Term Typical Range of Depth Implied According to Use (m)
- - Regional .
Local Utilities Buildings Utilities/Urban Transit Mines
Shallow 0-2 1-10 0-10 0-100
Moderate 2-4 10-30 10-50 100-1000
Deep >4 >30 >50 >1000

Table 29 - Classification of Underground Space by Depth (Goel, et. all., 2012)

Beyond the geotechnical and structural considerations of underground structures, attention must be
given to the level-wise planning of underground space. With increasing depth, considerations such as
ventilation, lighting, acoustics and space distribution become more critical. Because of this, the depth of
the underground structure is reflective of its intended use and purpose. The figure below provides a

graphical depiction of the uses of underground space based on depth.
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Underground functions

Feasible depths of different activities in urban structures. (Goel, et. all., 2012)
Considering the relationship of the underground space to the surface in addition to a dimensional

classification provides a better understanding of the use or functionality of underground structures. These

classifications are not exclusive of each other, and can be used in conjunction to reach a full understanding

of underground spaced.

Table below provides four main categories under this consideration.

Description of Type of  Relationship between

Underground structure and Ground Main Uses
Structure Surface

Shelter, storage, urban

Structure totally below e
facilities, supply

Totally underground

Effects on
Aboveground
Environment

Preserves open space

substations

surface -
management facilities
Offices, pedestrian Aboveground allows
Some floors Structure uses both P . g. .
walkways, parking, for sunlight, but is
aboveground and some aboveground and . . .
warehouses, industry restricted by height
floors underground underground space

limitations

Structure incorporates
atrium(s), skylight(s), to
connect surface with

Pedestrian walkaways,

Atrium-type structures residences, sports

Effective at preserving
scenery and space

facilities aboveground
underground &
Depends on shaft;
Underground P . e
. structures mainly Storage facilities, Preserves natural
structures with shafts . . .
suited to an inclined residences scenery
plane

Classification of Underground Space by Relationship between Structure and Ground Surface
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Appendix C: Guaranteed Maximum Pricing for Underground Parking Garage by

Consigli
Division Description Value % of Total Project % by Division

2 Selective Demolition S 337,645.00 0.98% 1.20%

3 Concrete S 5,951,769.00 17.35% 21.13%

4 Masonry S 1,444,800.00 4.21% 5.13%

5 Metals S 5,292,900.00 15.43% 18.79%

6 Wood & Plastics S 101,826.00 0.30% 0.36%

7 Thermal & Moisture S 2,773,868.00 8.09% 9.85%

8 Doors & Windows S 302,035.00 0.88% 1.07%

9 Finishes S 502,702.00 1.47% 1.78%

10 Specialities S 54,646.00 0.16% 0.19%

14 Elevators S 241,700.00 0.70% 0.86%

21 Fire Protection S 908,195.00 2.65% 3.22%

22 Plumbing Systems S 1,046,260.00 3.05% 3.71%

23 Heating Ventilating and Air Conditioning S 1,332,525.00 3.89% 4.73%

26 Electrical S 2,530,599.00 7.38% 8.98%

31 Earthwork S 4,430,770.00 12.92% 15.73%

32 Exterior Improvements S 914,952.00 2.67% 3.25%

Total Cost by Divisions S 28,167,192.00 82.12% 100.00%
Allowance N-Line Concrete Wall S 58,529.00 0.17%
Allowance ASI #1 Irrigation Allowance S 90,000.00 0.26%
Allowance Addeddum #2 Allowance S 20,000.00 0.06%
Allowance Police Detail Allowance S 50,000.00 0.15%
Allowance Winter Conditions (NTE Allowance) S 500,000.00 1.46%
Allowance Bldg E Storm Pipe Removal Through J/K Allowance S 25,000.00 0.07%
Allowance Light Pole Base Repair on Front Street Allowance S 15,000.00 0.04%
Allowance BUD Material Disposal Allowance S 25,000.00 0.07%
Allowance ASI #2 Allowance S 40,000.00 0.12%
Allowance ASI#3 Allowance S 50,000.00 0.15%
Allowance 100% CD's-Sitework S 587,757.00 1.71%
Allowance Contaminated Soil Disposal - Out of State Landfill S 160,000.00 0.47%
Total Allowance S 1,621,286.00 4.73%
SDI (Subcontractor Bonds) $ 357,462.00 1.04%
Construction Contingency $ 904,378.00 2.64%
GC-Precon $ 70,000.00 0.20%
General Requirements $ 567,705.00 1.66%
General Conditions $ 1,190,673.00 3.47%
General Liability Insurance  $ 328,787.00 0.96%
Payment & Performance Bond $ 222,490.00 0.65%
FEE S 869,179.00 2.53%
Total General Requirement, FEE and Bonds S 4,510,674.00 13.15%

Total Cost $ 34,299,152.00
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Appendix D: Tracking Sheet for Change Requests

Nomenclat ) .
ure Title Summary Type of CR Description
City Square Underground
Parking Garage - Early Early release sitework for the
17-001 Release Sitework project Early Release Site work activities to prepare for construction
Parking garage currently getting power req. from
portable generator to run dewatering pumps.
Temporary Power for Early release site work temp. Request for temp. power source for overall proejct
17-002 Parking Garage power request Early Release scope.
Need to issue early reinforcing steel package in
order to get shop drawings underway for structural
concete foundations of parking garage. No intent to
Rebar Detailing Early Early release rebar shop buy materials and start fabrication because the
17-003 Release drawings. Early Release concrete package has not been released yet.
Need to issue early release for structural concrete to
get other detailing underway (i.e., rebar). Change
Early release structural request also includes the remainder of the
Structural Concrete concrete with current drawings Preconstruction services costs needed for the
17-005 Package Early Release and includes site work costs. Early Release project.
Release of the structural steel to enable project to
advance while contract and GMP are completed.
Structural Steel Value of the change will be reversed once a contract
17-006 Package/Early Release Early release for structural steel [Early Release is finalized.
Consigli directed Marois Bros. to come up with the
most effective and economical solution to support
Install Temporary Soil Credit for original method of along N-line. The proposed solution of soldier piles
Support along N-line in underpinning in Marois Bros. instead of underpinning represented cost savings
lieu of Underpinning subcontract and additional cost reflected in this change request. This change request
17-008 Existing Footings for alternative design Alternative Solution |[is a credit to the owner.
Most effective logistical plan for construction is to
Demo and later replace section remove an intermediate deck from a single bay of
Demo and Replace of Front St. bridge for Front St. Bridge. Cost includes demo, removal and
17-011 Section of Front St. Bridge |construction access Alternative Solution [replacement of structural steel.
Costs for labor, materials, and Scope for work was excluded from Structural
equipment to build cast-in- Concrete Subcontract, so scope had not been
Cast in place walls along N{place walls under existing slab bought. The work was described as "underpinning"
17-012 line or grade beams of truck tunnel. |Allowance Transfer  |and was excluded from the Sitework scope.
Work across trades (MEP, HVAC,
Fireproofing, Masonry, etc.) in Work for trades that are on the critical path of the
Early Release Critical case GMP approval was further project. Step forward ro minimize the overall project
17-014 Trades delayed Early Release schedule prior to the GMP signing.
RFI 043- Top of Column Formal notification of Notification of use of construction manager's project
CROO1 Detail at Plaza Level contingency use. Allowance Transfer  [contingency to revise structural steel design.
Work to raise footings so that Raise the elevation of the footings around the
CR002 RFI 037- Raise Footings they are above the water table. |Field Condition ground water ejector pits per RFI 037.
Work to reduce approximately
6 footings in size to avoid Work to either revise footing size or build new
RFI 039 and 040R- Footing [encroaching from UNUM footing to conform with existing footings from
CRO03 Encroachments columns and footings. Field Condition UNUM to avoid encroaching.
Sitework package was released early prior to GMP
approval when construction documents were not
100%. The now completed 100% documents have
Allowance overage and addeed scope from the original package. An
Allowance Overage 100% |allowance utilization allowance carried in the GMP will be used to
CRO04 Sitework notification Design Change purchase this new scope.
Allowance Overage N-line |Overage for N-line work An alllowance for the N-line wall work was included
CR0O05 Wall Allowance. Field Condition in the GMP, but field conditions created an overage.
Manafort is proposing new 4000 Manafort is proposing new 4000 psi concrete
ASI-008 Detereriorated psi concrete underpinning at underpinning at deteriorated concrete areas in the
CRO08 Concrete at East Garage |deteriorated concrete areas. Field Condition East Garage.
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D D
Nomenclat ate ate Turnover #of . ; .
Proposed by | Approved by Proposed Cost L. Final Cost Reasoning for Cost Revision
ure Time Revisions
GC Owner
17-001 7/10/2014  |7/11/2014 1 S 4,879,314.00 [0 S 4,879,314.00 |[N/A
Negotiated price decrease by
17-002 7/31/2014 9/24/2014 55 $24,928.00 1 $24,065.00 remoing cost of material tax
17-003 8/1/2014 8/12/2014 11 $23,360.00 1 $23,360.00 N/A
17-005 9/15/2014 9/15/2014 1 $6,322,294.00 1 $6,322,294.00 N/A
Removed scope of removing and
replacing Front St. Bridge Steel &
17-006 9/16/2014 10/1/2014 15 $5,138,243.00 1 $5,076,793.00 Deck, added scope for G90 Deck
17-008 9/16/2014 9/30/2014 14 -$84,419.00 1 -$84,419.00 N/A
17-011 10/7/2014 10/16/2014 |9 $119,583.00 0 $119,583.00 N/A
17-012 10/23/2014 |Pending N/A $65,107.00 0 $65,107.00 N/A
17-014 11/5/2014  |Pending N/A $12,264,527.00 0 $12,264,527.00  [N/A
Use of pre-existing contingency,
CR0OO1 1/6/2015 Pending N/A $0.00 0 $0.00 no addded cost.
CR002 12/3/2014 Pending N/A -$2,037.00 0 -$2,037.00 N/A
CR0O03 12/24/2014 |Pending N/A $5,771.00 N/A
CRO04 2/3/2015 Pending N/A $205,149.00 N/A
CRO05 2/3/2015 Pending N/A $12,012.00 N/A
CRO08 1/14/2015 Pending N/A $6,427.00 N/A
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Nomenclat

Increase in Contract

Resolution Catego Type Funded Terms of Action
ure Time u B L " !
Major Public
17-001 0 Change |Work N/A N/A
Minor Public
17-002 0 Voided/GMP Change |Work Other N/A
Minor Public
17-003 Meet CPM Voided/GMP Change |Work N/A N/A
Meet CPM and allow
for Preconstruction Major Public
17-005 Services Voided/GMP Change |Work N/A N/A
As directed, GC will not
Major Public proceed until formal
17-006 0 Voided/GMP Change |Work N/A direction from owner
As directed, GC will not
Minor Public proceed until formal
17-008 0 Voided/GMP Change |Work N/A direction from owner
Minor Public
17-011 0 Voided/GMP Change |Work N/A N/A
Voided/Allowance
17-012 Change in Schedule Transfer N/A N/A N/A N/A
Major Public
17-014 Meet CPM Voided/GMP Change |Work N/A N/A
As directed, GC will not
proceed until formal
CR0O01 0 Pending N/A N/A N/A direction from owner
As directed, GC will not
proceed until formal
CR002 0 Pending N/A N/A N/A direction from owner
As directed, GC will not
proceed until formal
CRO03 0 Pending N/A N/A N/A direction from owner
Major Public
CRO04 0 Pending Change |Work N/A N/A
CR005 0 Pending N/A N/A N/A N/A
CRO08 0 Pending N/A N/A N/A N/A
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Appendix E: Full Project Schedule Updated September 2014

5g DCROEO o P oG ; P Pl
Pro 0 L P
AZ380 Project Starl 0| 30-Jun-14 A 2
A3100 Mobice To Proceed 0 13-Sep-14A # Rioliée Td Proceed
AZ300 Froject Complete o 1zoctas | | oo Lol e Prodetd
¥ W :
A1000 Schemalic Design D 18-Diac-13 A
A1010 Schemalic Design o Worcester for Apgroval 20 16-Dec-13A | 24-Jan-14A for i
A10z0 Design Development Documents 30 Z7-Jan-14A | D3-Apr-14A i Of
A1030 BO% Comstruction Documents 27 10-ADr-14A | 20-Jun-14.4 et
Az140 1007% Construction Documents 50| 10apr14a  Ziowwaa fs ok '
A1040 Issus Early Release Concrele Bid St 5 Z3Jun-14A  Z3-Jun-14A friy Beledse ConcreterBdSet ! 5 b b F
#1030 IssUe Early Releass Sruciural Stes| B Sst 5 30Jun-14a | 30-Jun-14a faryRedaseStruclurl SteeiBase | | | i
A30TD Frepare /| Submit | Review DD Estimats 18 10-Apr-14A 29 Jul14A  parel Submit/ Review OO Estimaie i
A31TD Pricing - Early Refease Foundations 10| 20-0un-144  14-Jue14A o - Bark Aeisase Foundabiors T
aa33T0 Fricing - Eariy Rcicase Siecl 18] 14-Jul-14A  DO-Aug-14A [icing - Bary Rokase Siedl | P i
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P . W
AZ000 Submit DD Docs for Foundation & Sieel Permi 20/ 18Jun-14A  Z2NE4A  foi 00 Doos for Foundatdn & Stesi Peimt | | | I
AZ040 Issue Foundations Permi 0 23-Jul-144 = Fdundations Permit  § @ @ ¢ 1 1 P
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#2030 IssUe Busding Permit 0| 03-Nav-14 o Permi i
Bid & A d .
AZ040 Eids Due - Shewark D 20-May-14 A bk Vo
25160 Award - Skework 7 A3-Jun-144  13-Jun-14A pric : o
£3000 Mabiize Eany Stewor 0| 20-Jun-1a 4 Eay Stewors P
A3000 Exis Dus - Early Release Foundatians o 14- I 144 Eafly Release Foundatians
Az380 De-scope Early Releaze Foundations 10 190u14A 24w 4A koo Carly Asease Fourdatin :
A3020 De-Scape Early Release Sieel 5 DO-fwg-14A  11-Aug-14 A lo-Sdope Eary Rckase Steel | | HE
AZ300 #award - Early Rieleass Foundations 10 O7-Aug-148  13-BEp-14 A jward - Eany Retease Fogndalionst  © @ 1 L @l
AZO00 Eids Dus - Exrly Reiease Stnuchural Sieel o D8-Aug-14 A jds Que ; Eardy Relsase Struciural Sleed H H H H H H
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Awiard Early Release Rebar Detaiing
Ayward - Early Release Struciural Stes|
Mobikze Concrete Subconirachor
Ayvard Remaning Trades
Submittals
Frepare & Submit Site Shop Drawings

AZ100 Review & Approwe Sie Shop Oramings

AZHD Frepare & Submi Foundation Shop Drawings
AZ150 Review & Approwe Foundation Shop Drawings
AZ130 Failt & Deivear Rebar for Foundstions

AZI00 Frepare and Submit Anchor Bolt Shop Drawings

Prepare & Submit Structural Sisel Shop Drawings
Review & Approwe Anchor Bolt Shop Drawings
AZII0 Fai & Delver Anchor Boks

AZ140 Review & Approwe Struchural Stoel Shop Drawings
Fail & Deivar Structural Stesl

Construe
Bldg E

Excavale intial Cut and Haul 31T - Bidg E
Ad41T0 Excavale Area Way Walls and Foundations
4040 FRP Continuous Foolings - Bidg E

Ledge Remaval § Exisi Foundabion Removal
Excavale to Botiom af Foatings. ! Prep with Stone

Anss0 FRP Arsaway Wals - Bidg E
A4180 Excavale for New Foolings Along 27 Line
Ad4160 Backil Areaway Walls

AaD0 Excavale Footngs Along GE4 Line
FRP Column Foolings - Bidg E
FRP New Foatings along Column Line 27 - Bidg E

A4200 FRP Waills - BIdg E

A1 30 Relocaie Steel Columns along 27 Line - Bdg E
A4S0 Install Underslab Plumbing - P2

AS120 Erect Structural Siss| - Bidg E

ADDS0 FRP Mud Mat Siab - Biog E

A4IF0 Erect Stesl and Metal Deck ot Viauk - Bidg E
A4090 Piace Deck & Shear Studs - Bidg E

A4Z10 FRP Slab on Deck ai WVault - Bidg E

ADDST Install Walerproofing on Mud Mat Sab

ADZ40 FRP Level P2 530G - BIQ E
A4140 FRP Laved P1 Siab on Deck - Bidg E
ABD4D ChU W aills at Bidg E
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ABBED
ABOTO
A0S0

East Garage Mitigatio

ABB30
ABEE0
ADOED
ASTOD
ABETO
AD0S0
AST2O
A3320
AST30
AnEE0
A0
ASTED
ASTED
ABE4D
AST4D
ATTE0
ABBAD
ASTTO
ATTED
ABBDD

Ballfield

FRP Level Plaza - Eidg E
MEF Roughn-in and nslallasons - Bidg E
Irestall Traffic Coatings - Bidg E
Fire Protection Rough-in
CMU o Core 2
Irestall Metal Stars & Handrals - Skair 2
Stariup, Pre-Funclional and FFT Tesing

Irstall Temporary Walertight Enclosures af Shafis

Irstall Bevalors - Bidg E
Faint at Star 2
Funchilsi Aciivitiss - Bidg E

Dirll Devrafisring Wels
Irstall fermgp power o run dewatering pumps

Dewatering to iower ground waker ievel below bofiom of foolings
17-004 de-waberng cperations on sbe untl construction start
De-walering operalions coninued during concrele operations

17013 Submit Demo Front Street Bridge CR

17-013 Review & Approve Demo Frond Street Bridge CR
Demo and Remoyve Section of Front Sineet Bridgs

Laiex Topping Slabs - Slope o Drain af infils
Diemo & Prep Ar Shaf

Irestadl Fioor Grating in A Shaft

Irestall New DSF Riser From Level B2

Irestall Duct in A Shaf

Rough-in Mew Dry Sprinkler Lines level B1
Irestall Meww Supply Duct Level B2

Frame and Sheathe ol Perimeder Wall infils:
Irestall new Supply Ducd Lewel BA

Irestall New Fans inAr Shaft

Irestall Compresssor and D5ESP Valve Assembliss
Rough in Conitrals 1o New Fans.

Rough-in Electrical io Mew Fans.

Shscco Wall indlis

Irestall Mew CO Deleciors Level B2
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ADAZ0
ADBO0

ABATO
ADDED
A0
ADSZD
A9
ADETO
ADSED
ANS0
ADSE0
A0

A0
ADSCD
ABBOD
A0
ABD10
ADesd
A0
A0
Anisd
ADDED
A0
ARZTO
AS310
ABB40
AD340

AR
AD3Z0

Excavale intial Cut and Hawul O - Bailfieid
Cut-off snd of exisbing fooWNgs aiong N-ine
17008 Submit CR for Temp Sol Support
17-008 Review & Approve CR for Temp Sol Suppost
Excavale Deep Pliis Mear GE Line (G12.5)

OF-Jul-14 &
M-Aug-14 &
30-Sep-14 4

30-Sop-144
00-0ct-14 4

12-Aug-14 &
19-Aug-14 A

10-Cici-14
13-0ct-14

Irstall Temporary Support of Excavation aiong MN-Line Foolings.
Excavale Deap Fil - Inferceplor Pit (Garage G10)

Excavale Deap Pit - GW Bjecior Piis (G 10)
FRP Desp Pis near GE Line - Bxalifieid

FRF Desp PR - Inbarcepion PR [Garage G 10}
FRP Desp PR - GW Bector Pis (GA0)
Excavaie o Bofiom of Foolings - Zone 1
FRP M-Ling Concrets Wals and Siab
Backfil Deep Piils Mear GE Line

FRP Foolings - Zone 1 - Ealileid
Backfil Deep Pit (G0}
Excavale Desp Pit - GO Bector Pis - (G4}
Excavale and Remove Ramp

FRP Desp PR - GD E]acior Pils (GB)
Excavale Deep Pit - Sand Gas intescepior {Surface GT)
Excavale 1o Bofiom of Fooling - Zons 2

FRP Desp PR - Bard Gas Inlercepbor {Surface GT)
CRIU Wall along M-Line

Backfil Deep Pit {G8)

Excavale Desp Pit - GO Bector Pis - (G3)

FRP Desp PR - GD Elacior Pits. (GE)

Backiil Foolrgs - Zone 1

FRP Foolings - Zone 2 - Bxlileid

Backfil Deep Pit {GT)

Backiil Deep Pit {G8)

Excavaie o Bofiom of Fooling - Zone 3

Backfil Foolrgs - Zone 2

FRP Foolings - Zone 3 - Bxlileid

Eackil Fooings - Zone 3

Eresct Structural Stesl - Balfisid

Place Deck & Shear Sheds - Ballield

Irestall Ursdersiab Plumbing - P2

Irestall Rigid Irsulaticn Undersiab - Zone 1 - balileid
FRP Level F1 - Siab on Deck - Balfieid

Electrical Rough in PZ Level - Balfieid

Mechanical HWAC Riough in P2 Level - Balfieid

FRP Level Flaza - Ealfieid

w
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HEE IR I N T
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14014
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O3-Nay- 14
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24.Dec. 4
o2-Jan-1%
Z3-Jan-13%
30-Jan-13%
ZT-Feob-13
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20-Mar-13
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Elecirical Rough in P Level - Balfieid
FRP Level P2 500G - Balifield
ADDE0 Fine Protection Rough-in
ABZE0 MEF Rough-in and Insialabiors
ChIU Walls ab Ramp
Irestail Lighting - Eilesd
Irsiall Lighting - Bldg E
CMU ot Core 1
ADADD Nechancial HAC Rough in P1 Lewel - Ealifield
ABDSD Frame, Sheath, Walerlight Enclosures ai Shafis
ABDSD Irestall Metal Stars & Handrals - Shair 4

Wood Bsames al Head House - Corne 1
Faint at Star 1
Irestall Metal Stars & Handrals - Skair 3
Wood Bsames al head Hous:s Core 3
Stariup, Pre-Funclional ard FPT TesSng
Install Deck ¥Walerproofing al Upper Deck Only
CMU ot Core 3
Irestall Traffic Coatineg - Ballfield
Farve, Curb A Siripe ai Eafon Flace
Dieck Watsmroo! Testing
Landscaping and She Improvemeants

ADDED ‘vieneer and Granbe at Headhouses
ABDTO Irstall Bevaiors - Balfield
A Irestall Siorefront o Head House - Core 1

Irsiall Storefront &1 head House - Core 3
ASG10 Irerior Frishes at Heasd House - Core 1
Irierior Finishes at Head House - Core 3

Ani4d Test and Balance
ABT0 Faint at Star 3
ABZE0 Punchiisi Aciivities - Ealifieid

seperate

10-Agr- 15
1T-Agr- 1
1T-Bgr- 15
1T-Agr- 1
1T-Agr- 4
O1-May-15
O1-ay-15
OO-May-15
OO-May-15
Of-Jun-13
Of-Jun-13
O1-Jur-13
15-Jun-15
15-Jun-13
13-Jun-13
15-Jun-13
22-Jun-13
22 Jun-13
15-Jul-13
21-Jul-15
21-Jul-15
C4-Aug-13
C4-Aug-13
18-8ug-15
23-Aug-13
23-Aug-13
D1-Sep-13
C3-Gep-13
C3-Bep-13
16-Sep- 15
23-Bep-13

30-Apr-15
OF-May-15
14-May-13
12-Jun-15
30-Apr-15
21-May-15
O7-May-15
Z5-May-15
Z5-May-13
Oo-Juk- 13

12-Jun-15
12-Jun-15
18-Jun-15
20-Jun-15
18-Jun-15
20-Jun-15
20-Jut- 13
13-Juk 18
20-JuE-13
10-Aug-13
O3-Aug-13
23-Sep-13
24-Aug-13
13-Sep-15
31-Aug-13
00-Sep-13
15-5ep-13
13-Sep-15
22-5ep-13
22.5ep-15
13-Oct-15

W e o and
B G wrinel fery |

M st Lignin - Batein

B vood Beams: at Head Hou

! I !Woga Beams a1 head Hou

| Paritat el |
Insiall Metal Stais &:Hang

Stabrtug] Pref-Furictivhal a
B install Dbck Walérped
M Gufatgorel |

Irtall fraffi Coating
Bl Fave Cum & Stripd
B Deck hvm‘érprémn
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Appendix F: Full Project Schedule Updated January 2015
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Appendix G: Tracking Sheet for Requests for Information (RFI’s)

Turnover
time
Date (Calendar Impact on
Doc.# |Document Name Submitted Days) Sequencing Reasoning Response Schedule Projected Cost
GC noticed concrete to remain near truck tunnel had
not support under it because ground had eroded. GC
Concrete to remain at asked to cut concrete up to where it met foundations |Concrete to remain in place if possible. If not, |No impact.
1|Truck Tunnel 7/8/2014 9 GC>DES>GC>SUB [to avoid it failing later. remove it. Minor issue Within the scope.
GC>DES>GC>Incl |Conflicting notes on drawing $2.01 indicating "extent Work to be included in
uded in SUB of slab on grade" and another "future slab by others". |All new slab on grade west of foundation wall |No impact. scope for Concrete Bid
2|Existing future slab _ |7/9/2014 8 scope Question who will do future slab? is indicated as future work. Minor issue Set.
Drawings indicate footing to go in area where slab
exists. GC wants confirmation slab has to be removed Slab replacement
New Footings at 0/31 to perform footings work, and slab replacement is No impact. outside of Concrete
3|and GB.4/GH5 7/9/2014 8 GC>DES>GC future work. Footins will be replaced later by others. Minor issue Bid Set scope.
Footing shoen at GE/G11 does not scall off to match. [Don’t scale drawings. Footing designation No impact.
4|Footing at GE/G11 7/9/2014 8 GC>DES>GC GC wants to confirm desi ion. correct. Minor issue Clarification
Detail 10/S5.09 No impact.
5|Callout 7/9/2014 8 GC>DES>GC Detail references 52.04, but no callout found. Callout can be found in $2.04 near GJ.1-GC.5 _[Minor issue Clarification
GC>DES>GC>Incl
Cut Footing prior to uded in SUB GC wants to cut and remove outside of footing prior to |No underpinning shown at column footings for |No impact.
6|underpinning 7/16/2014 1 scope ur inning. N line, but footings must be cut for access. Minor issue Clarification
GC suggesting to change deep pits from cast in place
as shown in drawings to precast to avoid problems Precast units to|Change in cost from
Sump Pit to Precast GC>DES>GC>SUB |with dewatering operations as the water table is Substitution to precast is acceptable. Submit  |be cast ahead |castin place to
7[Units 7/17/2014 1 >GC>DES>GC below the top of the structure. precast drawings for approval. of time. precast.
Suggestion to extent grounding rods
Ground Rod from St. downward. Electrical drawings will be Additional time
Vincent's Parking GC>DES>GC>SUB |GC asking for suggestions as to how Electric SUB can |upgraded to cover this scope and issues as  for added
8|Garage 7/17/2014 12 >GC>DES>GC connect ground cable to rod. part of Addendum 1. scope. Addendum 1 cost.
At least 1
additional
GC asking to allow footings along N line to be cut week for SUB
SUB>GC>DES>GC |using 24" blade instead of 30" blade indicated on to get 30" No change in cost, just!
9[Sawcut 30" Footings |8/8/2014 10 >SUB drawings due to availability from SUB. Footings must be cut with 30" blade. blade on site. |delay.
1) GC recommending changing duct shape. 2) Additional time
GC requesting to add horizontal shaft wall to adhere for added
to recommendation of keeping plenums internal and scope.
meet 2 hour fire proofing. 3) DOT Additional wait
Supply Duct approved reflective warning strips for ductwork. GC 1) Acceptable. 2) Acceptable. 3)AST needs for AST review |2)Additional cost for
10 i i 8/19/2014 3 GC>DES>GC wants direction. more time to review. for 3). added scope.
In order to access the "ballfield" portion of the site, Added time for
GC proposed and has included within the GMP Access to Site
provisions to remove and operations, but
replace a section of the existing Front Street bridge savings in the
deck. This will reduce the amount of time Front Street time that Front
will be required to be Street traffic
closed or impacted to support the construction Reference Addendum No. 2 for supplemental |would be
activities. Provide any details and or descriptions or  |information affected and
GC>DES>GC>Incl |requirements for the demolition and subsequent regarding the removal and replacement of support of
Front Street Deck uded in SUB replacement structure below construction
11|Removal 8/21/2014 13 scope of the steel and concrete deck. Front Street. activities. [Addendum 2 cost.
A vertical pipe connected to a tank was found during
GC>DES>SUB of |excavation at the bottom of the access ramp. Tank
Vertical Pipe Found DES>DES>GC>SU |was emptied by third party, and GC is requesting to  |Remove pipe as soon as possible to avoid re- |Additional time [Added cost based on
12|During Excavation 8/21/2014 7 B remove pipe as needed and leave tank undisturbed. [infiltration as directed by ESC (SUB of DES). to remove pipe. [T&M pricing.
1) Plaza Drains on Roadway: Request to clarify the
specifications for the drains and keep the
specifications provided for "Early Sitework Phase"
drawings. 2) Sub-surface Drains: Request to clarify the
specifications for the drains and keep the 1) Accept recommendation 2) Accept
Drains "PD" and GC>DES>SUB of  [specifications provided for "Early Sitework Phase" recommendation 3) Follow up after waterproof
13|"SPD" Revisions 9/11/2014 7 DES>DES>GC drawings. 3) Typo in model number. Request to clarify. |detaili No impact. Clarification
After coodination meeting with Verizo/CCC/LMP,
revisions of quantity of telephone conduits to be
reduced , addition of bushings at conduit ends, and Change in
Telephone Building GC/OWN/SUB>D |addition of grounding. GC asking for comment and scope of Change in scope of
14|Entry Charges 9/11/2014 4 ES> GC direction. Accepted rec i no direction. electrical SUB |electrical SUB
GC asking if second storm water draininage pipe is
Second 15" RCP ST needed for future provision as it is not tied to anything Reduced
15|Leaving Building 9/22/2014 3 GC>DES>GC and is not collecting water as desi Second pipe not needed. quantity. Reduced quantity.
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Second 15" RCP ST

15.5|Leaving Building 9/22/2014 18 DES>GC New reply to RFI 15 Second pipe needed for future provisions Added scope. |Added scope.
Domestivc Water Clarification on need for water pressure regulating
Pressure Regulating valve that is shown on drawings but not on plumbing [Confirmed need of valve and directed them to
16|Valve Station 9/22/2014 22 detials. forthcoming S1 #2 Clarification Within the scope.
Change is acceptable, but need a detailed
Underpinning at 4 GC>DES>GC>SUB |Consigli wants to use temp soil support sheet instead [submital calculated the deflection of the earth
17|Footing Locations 9/22/2014 3 >DES of underpinning shown on drawgings. around the footing. Clarification |Within the scope.
Recommended to proceed as indicated in
Consigli wants do temo and remo a pump chamber design but alternative could be use if work is
R&D Existing Pump below slab evaluation and infilling instead of not in the influence zone of the adjacent
18[{Chamber 9/22/2014 2 removing and demo the entire pump chamber. footing. Clarification \Within the scope.
NEMA Enclosures for GC>DES>SUB of
19|VFDs 9/25/2014 12 DES>GC Clarification on NEMA enclosures for VFDs. Confirmed detials on enclosures. Clarification \Within the scope.
Temp Generator Stack Clarification on interim installation of generator stack
20|Condition 9/29/2014 21 GC>DES>GC to be used in the future hotel project. Confirmed interim installation details. Clarification \Within the scope.
Temp Elevator 2 and Clarification on elevator exhaust fan for future hotel  [Confirm to carry out as designed and provide
213 Vent Condition 9/29/2014 17 GC>DES>GC proejct. Consigli proposed alternative design. value analysis of alternative design. Clarification _|Within the scope.
Missing Exhaust Fan GC>DES> SUB of [Clarification on need for ventialation for Fan Room Exhaust fan is not required unless VFDs are
22|for Fan Room 202 9/29/2014 1 DES>GC 202. moved into room. Clarification Within the scope.
Missing Vent for GRD-| Correction. Within the
23[1 9/29/2014 7 GC>DES>GC Drawings missing 4" vent pipe for GRD-1. Added vent to drawings. Clarification _|scope.
Existing conditions
reveals area between
existing precast and Clarification on fire protection requirements for gap  |Confirmed waterproofing to be carried using
25[new CMU. 10/2/2014 4 GC>DES>GC between existing precast and CMU wall. standard method. Clarification Within the scope.
N line Existing Field conditions along N line vary from drawings.
26|Conditions 10/2/2014 1 GC>DES>GC Clarification on wall specifcations. Confirmed proposed wall specifications. Clarification  |Within the scope.
GC>DES>SUB of |Additional detials requested on granite thermal finish |Provided detials on thermal and surface
27|Plaza Granite Curb 10/6/2014 7 DES>GC >SUB and sawn or split surfaces. finishes. Clarification Within the scope.
CMU Clarification of Added scope
Exisint CMU along N SUB>GC>DES>GC |Confirm that drawings show an additional CMU wall for masonry Added cost to
28|line 10/6/2014 1 >SUB along N line. Confirmed new CMU wall is needed. sub. Masonry Bid.
Cottom of wall rebar
dowls at Building E SUB>GC>DES>GC |Confirm that drilling at epoxing 4 dowels is Confirmed that bars could be drilled and
29|Area and N line 10/16/2014 1 >SUB acceptable. lepoxy. Clarification Within the scope.
1) Confirm that deep pit foundations can being to be
backfilled without waiting for conrete to gain full
deign strength. 2)Confirm that dead weight of
Backfill Procedures of concrete walls and slab will resist against buoyancy
30|Deep Pit Foundations (10/16/2014 1 GC>DES>GC effect of rising water table. 1) Confirmed 2) Confirmed Clarification |Within the scope.
Confirmed 3h rating is required for all
Spray Fire Proofing Clarification on fire rating for structural steel and structural steel, 2h rating could be used in
31|Clarification 10/23/2014 4 GC>DES>GC location where 3h, 2h, or 1.5h ratings are acceptable. |some locaitons and 1.5h was not acceptable. |Clarification \Within the scope.
Intumescent
Fireproofing at Core 3 Clarification on intumescent fireproofing on tubes
32|Steel 10/24/2014 3 GC>DES>GC running Core 3 stair tower. Provided specifications for fireproofing. Clarification Within the scope.
East Garage - Cement Clarification on required number of layers of cement
33|Board at Stucco infill |10/24/2014 3 GC>DES>GC board to receive Stucco finish. Use one layer on each side. Clarification Within the scope.
Ramp Radius Work SUB>GC>DES>GC |Request for radius work point off gridlines to locate
34|Point 10/24/2014 3 > SUB ramp radius. Provided gridlines to find radius. Clarification Within the scope.
E.O.S.and Beam Clarification on E.O.S. dimensions around air shaft and [Provided dimensions and beam size but
Locations on Drawing SUB>GC>DES>GC |dimensions for beams at Stairs 2, and Elevator 2 and |requested confirmation from MEP coordination
35[E1 10/24/2014 3 > SuB 3. drawings. Clarification Within the scope.
Provide information if leveling plates and anchor bolts
Column Elevations SUB>GC>DES>GC |will be provided sloping with the foundation wall or
36|along Griline GB.7 10/24/2014 3 > SsuB flat. Base plates can be flat. Clarification Within the scope.
Footings along GE No. Cannot raise elevation because elevation
line Groundwater Propose to raise the bottom of the footing elevation so|is set low so as to not be impacted by adjacent
37|Ejector Pit 10/29/2014 2 GC>DES>GC that footings are above water table. pits. Clarification \Within the scope.
Plumbing Invert
Elevations at Ejector GC>DES>Sub of Missing
38|Pits 11/3/2014 14 DES>GC Request invert elevations at the ejector pits. Provided list of elevations. information. Clarification
Existing Unum Request to change footing dimensions next to Unum
Building Footing GC>Sub of building to avoid encroaching into existing Unum Added cost for extra
39|Encroachment 11/7/2014 7 DES>GC footings Confirmed. No impact volume of concrete.
East Garage Existing Added cost for bond
Footing GC>Sub of Confirm the resizing of the footings adjacent to East breaker between
40[Encroachment 11/10/2014 |2 DES>GC Garage. Confirmed. No impact citysquare
Confirm the direction from Structural Engineer to have
GH11.5-GJ.4 Footing GC>Sub of a resolution to the footing interference without cutting
41|Interference 11/24/2014 1 DES>GC the existing footing. Confirmed. Clarification Within scope.
Domestic Water
Reduce Pressure GC>Sub of Advise if a reduce pressure station is needed given
42|Station 12/9/2014 1 DES>GC water service pressure into building will be 150PSI. Addressed in SI#002. Clarification N/A
grade in the future hotel area should be fireproofed Added cost to
Top of Column Detail GC>DES>Sub of  |and treated or cut. Order put on for longer length Provide pricing to proceed with option 1 as remidiate extra length
43|at Future Building 12/19/2014 19 DES>GC>Sub already shown in A/S6.03 Clarification of steel columns.
Provide work point locations for angle degrees marked Missing
44|Ramp Geometry 12/24/2014 7 Sub>GC>DES>GC |in ramp drawings. Attached ings with and mark up|information Within scope.
Existing Walls to New Advise if bent place can remain straight or skewed Bent plate can be run straight as long as min.
45|Expansion Joints 12/24/2014 5 Sub>GC>DES>GC |along G.14 line and GA.0 4" expansion joint is provided. Clarification \Within scope.
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Ramp CMU Wall

Provide dimensions of angles and of CMU Wall along

46|Locations 12/24/2014 Sub>GC>DES>GC |ramp. Attached drawings with comments and mark up|Clarification Within scope.
Confirm that elevation of base plates is 1' below what
Base Plate Elevation is shown on drawings and other elevations as shown
Changes 12/29/2014 Sub>GC>DES>GC |in returned Submittal 051200-001. Confirmed both. Clarification Within scope.
Confirm that it is acceptable to use non-galvinized
Non-Galvanized Dry instead of galvanized sprinkler dry piping and fitings.
48|Sprinkler Piping 1/7/2015 Sub>GC>DES>GC [Cost savings associated. Not acceptable. Proceed with galvinized. Clarification  |Within scope.
Stair 1 Wall and Shelf Provide elevations for the top of walls and shelves at Missing
49|Elevations 1/13/2015 Sub>GC>DES>GC |Stair 1 on the Upper Plaza Level. Attached drawings with comments and mark up|information Within scope.
Provide guidance as to which, if any, jacketing apply
to piping within th parking garage. Different options
Field Applied Sub>GC>DES>sub [for jacketing depend on considering the parking No additional jacket or coating required for
50[Jacketing 1/14/2015 s of DES>GC 1 open or an underground structure. pipe. Clarification  |Within scope.
Level P2 St and SAN
Piping between GH-6
and GH-3 Confirm that two sanitary pipes on the drawings were
51|Clarifications 1/14/2015 GC>DES>GC bled. Confirm the pipe should be 4". Confirmed. Clarification Within scope.
Confirm that a 4" pipe was mislabled in the drawings
Missing and and that there was mising detial on the connection
52|Mislabled GV Piping [1/14/2015 GC>DES>GC b GV piping and GV piping slated. Confirmed. Clarification Within scope.
Missing Sanitary Sub>GC>DES>GC [Provide information on missing vents for sanitary
Vents 1/14/2015 >Sub system from the drawings. Attached drawings with comments and mark up|Clarification  |Within scope.
Confirm that due to approved changes in RFI 38, the  |Not Acceptable. Code does not recognize
Inverts for Sand and dimensions of the Sand and Gas Interceptor inverts proposed dimensions. Suggest additonal Extra cost due to
54|Gas interceptor 1/14/2015 Sub>GC>DES>GC [can be 32" and 26". excavation to meet dimensions. Clarification work
Inverts for Sand and Confirm that due to approved changes in RFI 38, the
Gas Interceptor elevations of the Sand and Gas Interceptor inverts can |Not Acceptable. Please indicate on
55|(Surface) 1/14/2015 Sub>GC>DES>GC [be modified. coordination drawing. Clarification Within scope.
Reconfiguration of Confirm that to maximum headroom in garage, lines of
56|GVs at P-28 level P1 [1/14/2015 GC>DES>GC STVs can be deleted and reconfigured. Confirmed Clarification Within scope.
GRD-1 and 2
Discharge Piping Size Sub>GC>DES>GC |Confirm that discharge of pipe in the drawings is
57|Calculation 1/14/2015 >Sub islabled and should be 3". Confirmed Clarification  |Within scope.
Reconfiguration of ST Sub>GC>DES>GC [Confirm that reconfiguration of ST Piping at building
58|Piping at Building Exit|1/14/2015 >Sub exit is acceptable. Confirmed with comments Clarification _|Within scope.
Confirm that although the inverts of the pipes are
Elevation of GV for lower than the elevations shown on drawings, the fact
Level P1 GDs at Sub>GC>DES>GC [that the elevation is acceptable at the crossing makes
59|GF/G5 & GF/G9 1/15/2015 >Sub this viable. Confirmed with comments Clarification Within scope.
Missing PD at Plaza Confirm if drain shown on Drainage Plan (L3.01), but Missing [Added scope for drain
Level 1/15/2015 GC>DES>GC not on drawings is needed. Provide plaza drain and piping. infol and pipe.
Cl Locations off of Provide dimensional information not shown on
Column Line for All drawing in regards to CL locations off of column line Missing
61[Surface Drainage 1/15/2015 GC>DES>GC for all Surface Drainage. See attached sketch. information Within scope.
Confirm that proposed relocation of GV to stair 3
Reolcation of 4" GV based on the length of the run and the pitch required
62|to Stair 3 1/15/2015 GC>DES>GC is acceptable. Provide coordination drawings to clarify issue. |Clarification Within scope.
Revised Top Footings GC>DES>Sub of  |Confirm that changes made by the attached Sk are to
63 |Elevations 1/16/2015 DES>DES>GC be incorporated into the construction documents. Confirmed Clarification _ |Within scope.
Sub>GC>DES>GC |Confirm that drawings for precast hatch are
65|Precast Hatch Detail [1/22/2015 >Sub acceptable. Confirmed with comments Clarification Within scope.
Confirm if two roadway deck drains are required are
Missing Piping for (2) they are not shown on plumbing drawings. If required, [Added scope for
DDs at Eaton Place  |1/26/2015 GC>DES>GC reference attached sketches of porposed modification. |Confirmed drains required. Clarification drains.
Building E Column Advise on Building E existing Column foundation @29
Foundation GC>DES>Sub of  |interferes with new wall line at 2'-11 3/4 west of Select alternative: Shore column, remove pier Added scope for
69|Obstruction 1/29/2015 DES>DES>GC column centerline. and footing, pour new "tall footing" Clarification alternative.
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Appendix H: RFI Log

CONSIGLI

Request for Information

T Sielan Chaires RFI# 3
Arroasreat, Inc. Dae: BIEIZ0N4
10 Post Office Sguane Jedi: 1308 City Square Underground Garage
Sule 700N Phone:

Bosion,, MA 02019
Ph: (S1T}E66-T 136 Fam: (51T)525-4545

LE F]
Subject:  Sawoul 307 Foolings

Dvawdng: 5201 Spec Section:

Rrquiisd: Dabe R brad:
Floase relerence 52,01, N was venified in S Seld it T of T 13 fooliings on N line from 514=54 are 307 deep. It was noted by the
shrsork confracion thal only a 247 blade i= available ai the moment for cutting. Due fo the Taot Tad it would lake of leas] a week o get

a 30X blade on she, we would ke 1o o iF 1 is accepiable jo o B foolings with T 247 blade and wedge or gently apply pressune
0 snap off the final E° of the Jootings. Plesse confirm.

"Tha remaining 5 ooings messsuns 247 and will be cul & no problem.

Reguested by:  Marnio R
Corsigll Consrucion Co., o

Foolings must bo ot with 307 blede.

P By EE T

Forsard: Marois, Dardd [MARDIS BROS., INC.)

Cenwvirsolien Do, Iee. Corstruction Managers and General Contracions
T2 Sumnes Streel, Mikoed, Massachuse®s 01757 phone 508 4T3 7080 faw 5084733588 web wes oongialioom

Harfford, CT + Porfland ME ¢ Milord, M

Fage 1of 1
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Appendix I: Submittals Tracking Sheet

Turnover
Document time
# Document Name Type |Date (Days) Sequencing Response Reasoning
SUB>GC>DES>Sub of
051200-001 |Anchor Bolts SD 10/17/2014 8|DES>DES>GC>SUB Approved as noted Shop drawings for anchor bolts
Approved with
SUB>GC>DES>Sub of [comments: Check for
051200-002 |Embeds SD 11/3/2014 4|DES>DES>GC>SUB elevation Shop drawings fro embeds
Fabrication of steel. Need to
coordinate with fan, generator,
SUB>GC>DES>Sub of |Approved as noted. elevator, and freight lift approved
051200-003 |Erection Drawings SD 11/13/2014 11|DES>DES>GC Resubmission required. |submittals.
Design calculations for temporary
Temporary Earth Support ENG>GC>DES>Sub of earth support (soldier piles) as
312000-003 |System Calcs SD 10/17/2014 12|DES>DES>GC Revise and Resubmit. alternative solution.
Resubmitted design calculations
for temporary earth support
Temporary Earth Support ENG>GC>DES>Sub of (soldier piles) using factor of
312000-003HSystem Calcs SD 10/30/2014 4|DES>DES>GC Approved as noted. safety of 1.5.
Shop drawings calling for
SUB>GC>DES>Sub of coordination with pImbing
033100-001 |Rebar fabrication SD 8/28/2014 1|DES>DES>GC>SUB Approved as noted subcontractor
Ballfield Foundation SUB>GC>DES>Sub of Shop drawings for reinforments
033100-002 |Reinforcing SD 9/11/2014 1|DES>DES>GC>SUB Approved as noted calling GC to verify quantities
Specification for mix design to
Alternate Mix Design for Early SUB>GC>DES>Sub of provide early strength for
033100-003 |Strength PD 10/22/2014 1|DES>DES>GC>SUB Approved backfilling purposes
Shop drawings for reinforments
Building E Area Foundation SUB>GC>DES>Sub of calling GC to verify quantities and
033100-004 |Reinforcing SD 10/3/2014 6|DES>DES>GC>SUB Approved as noted coordinate
Shop drawings for reinforcements
Hotel Slab Area Foundation SUB>GC>DES>Sub of calling for GC to coordinate with
033100-005 |Reinforcing SD 10/8/014 1|DES>DES>GC>SUB Approved as noted waterproofing
Approved pending use
SUB>GC>DES>Sub of |per manufacturer's Product information for a release
033100-006 |Form Release Compound PD 10/13/2014 2|DES>DES>GC>SUB requirements agent for concrete forms
SUB>GC>DES>Sub of Product information for joint filler
033100-007 |Expansion Joint PD 10/13/2014 2|DES>DES>GC>SUB Approved as noted called for use where filler required
Product information for asphalt
SUB>GC>DES>Sub of expansion joint called for exterior
033100-008 |Asphalt Expansion Joint PD 10/13/2014 2|DES>DES>GC>SUB Approved as noted use only
Approved pending use
SUB>GC>DES>Sub of |per manufacturer's Product information for waterstop
033100-009 |Expansion Water Stop PD 10/13/2014 2|DES>DES>GC>SUB requirements for nonmoving concrete joints
Product information for waterstop
SUB>GC>DES>Sub of embedded in concrete between
033100-010 |Dumbbell Waterstop PD 10/13/2014 2|DES>DES>GC>SUB Approved as noted joints
SUB>GC>DES>Sub of Product information for grouting
033100-011 |Nonshrink Grout PD 10/13/2014 2|DES>DES>GC>SUB Approved as noted for structural elements
Product information for injectable
SUB>GC>DES>Sub of epoxy for the installation of
033100-012 |Injectable Epoxy PD 10/16/2014 1|DES>DES>GC>SUB Approved as noted threaded rods into concrete
Shop drawings for reinforcements
SUB>GC>DES>Sub of requesting information on a
033100-013 |Hotel Reinforcing SD 10/28/2014 2|DES>DES>GC>SUB Approved as noted specific location

KEY: PD= Product Data

SD= Shop Drawings
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SUB>GC>DES>Sub of

Shop drawings for reinforcement

033100-014 |Reinforcing Steel N-Line SD 10/29/2014 1|DES>DES>GC>SUB Approved as noted along N-line
SUB>GC>DES>Sub of Product information for 4000 psi
033100-015 [Concrete Mix Design PD 10/29/2014 1|DES>DES>GC>SUB Approved concrete mix
Shop drawings for pit
reinforcement calling GC to veryfy
SUB>GC>DES>Sub of requirements with approved
033100-016 |Elevated Pits 2 & 3 SD 10/29/2014 1|DES>DES>GC>SUB Approved as noted elevator manufacturer
SUB>GC>DES>Sub of Product data of plumbing and
331000-001 [Service Tubing PD 7/17/2014 13|DES>DES>GC>SUB Approved. refrigeration service tubes.
SUB>GC>DES>Sub of Product data of resilient wedge
331000-002 [Resilient Wedge Gate Valves [PD 7/17/2014 13[DES>DES>GC>SUB Approved gate valves for service tubing.
Product data of curb and
SUB>GC>DES>Sub of corporation metal stops for
331000-003 |Curb and Corporation Stops  [PD 7/17/2014 13|DES>DES>GC>SUB Approved service tubing.
SUB>GC>DES>Sub of Product data of PVC pipes and
333000-001 |PVC Pipe PD 7/17/2014 13|DES>DES>GC>SUB Approved connections for service tubing.
Polyethelyne Moisture Barrier SUB>GC>DES>Sub of Product data for vapor barrier for
033100-017 |and Seam Tape PD 12/24/2014 12|DES>DES>GC>SUB Approved slabs.
SUB>GC>DES>Sub of Shop drawings for slab on deck
033100-018 |P1 SOD Reinforcing SD 1/5/2015 3|DES>DES>GC>SUB Approved reinforcement.
SUB>GC>DES>Sub of Shop drawings for slab
033100-019 [Slab Placement Plan SD 1/16/2015 4|DES>DES>GC>SUB Approved as noted plavcement with additional notes.
Reinforcing of Existing Wall SUB>GC>DES>Sub of Shop drawings to reinforce wall at
033100-020 |on Plaza Level SD 1/16/2015 3|DES>DES>GC>SUB Approved as noted plaza level.
Additional reinforcement for
Added reinforcement at GB-3 SUB>GC>DES>Sub of concrete being penetrated by
033100-021 |for Pen SD 1/21/2014 1|DES>DES>GC>SUB Approved shaft.
Shop Drawings for steel members
along with phasing plan.
Resubmission based upon
SUB>GC>DES>Sub of |Approved as noted - coordination and beam
051200-004 |Piece Drawing PH.2-6 SD 11/25/2014 13|DES>DES>GC>SUB Resubmission Required |penetration locations.
SUB>GC>DES>Sub of Shop Drawings for steel members
051200-005 |Piece Drawing PH.7-11 SD 12/8/2014 22|DES>DES>GC>SUB Approved as noted along with phasing plan.
SUB>GC>DES>Sub of Shop Drawings for steel members
051200-006 |Piece Drawing PH.12-16 SD 12/22/2015 9|DES>DES>GC>SUB Approved as noted along with phasing plan.
SUB>GC>DES>Sub of Shop Drawings for steel members
051200-007 |Piece Drawing PH.17-20 SD 1/12/2015 7|DES>DES>GC>SUB Approved as noted along with phasing plan.
SUB>GC>DES>Sub of Shop Drawings for steel members
051200-008 |Piece Drawing PH.21-24 SD 1/26/2015 14|DES>DES>GC>SUB Approved as noted along with phasing plan.
Shop drawings for the metal
SUB>GC>DES>Sub of decking of the concrete slab. GC
053000-001 |Metal Decking SD 12/10/2015 26|DES>DES>GC>SUB Approved as noted to coordinate with MEP.
Procore Fluid Applied SUB>GC>DES>Sub of Fluid applied waterproofing for
071425-001 |Waterproofing PD 1/26/2015 7|DES>DES>GC>SUB Approved below grade structures.
Pre-fabricated geocomposite drain
for us as combined drainage and
Procore Fluid Applied SUB>GC>DES>Sub of protection layer with Grace
071425-002 |Waterproofing PD 1/26/2015 7|DES>DES>GC>SUB Approved waterproofing membranes.

KEY: PD= Product Data

SD= Shop Drawings
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AutoGuard Traffic Deck SUB>GC>DES>Sub of
071816-001 |Coating PD 1/26/2015 7|DES>DES>GC>SUB Approved Base coating for concrete.
SUB>GC>DES>Sub of
072100-001 |Thermal Rigid Insulation PD 12/24/2015 5|DES>DES>GC>SUB Approved as noted Specification for rigid insulation.
CCW 705 Self Adhesive SUB>GC>DES>Sub of Specifications on air, water, and
072700-001 |Membrane PD 1/26/2015 7|DES>DES>GC>SUB Approved vapor barriers.
Accesory product used in
SUB>GC>DES>Sub of conjunction with Air & Moisture
072700-002 |Auxiliary Materials PD 1/26/2015 7|DES>DES>GC>SUB Approved Barrier.
SUB>GC>DES>Sub of Specifications on silicon sealant
079000-001 [Sealants PD 1/26/2015 7|DES>DES>GC>SUB Approved for joint applications.
Specifications on self-drying,
Latex Underlayment Ardex SUB>GC>DES>Sub of cement-based finish
096500-004 |Geather Finish PD 1/29/2015 8|DES>DES>GC>SUB Approved underlayment
SUB>GC>DES>Sub of Specifications on vinyl
096500-005 |Vinyl Tile PD 1/29/2015 7|DES>DES>GC>SUB Approved composition tile for flooring.
SUB>GC>DES>Sub of Specifications on clear thin spread
096500-006 |Adhesives PD 1/29/2015 7|DES>DES>GC>SUB Approved adhesive for tile flooring.
VCT Maintenace Data and SUB>GC>DES>Sub of Warranty for vinyl composition tile
096500-007 |Warranty PD 1/29/2015 8|DES>DES>GC>SUB Approved flooring.
SUB>GC>DES>Sub of Specifications on reducer
096500-009 |Johnsonite Reducer Molding [PD 1/29/2015 8|DES>DES>GC>SUB Approved moldings for flooring.
SUB>GC>DES>Sub of Specifications on rubber wall
096500-010 |Johnsonite Rubber Wall Base [PD 1/29/2015 8|DES>DES>GC>SUB Approved base.
SUB>GC>DES>Sub of Specifications for fire sprinkle
211000-001 |Pipe and Fittings PD 1/7/2015 13|DES>DES>GC>SUB Approved pipe and fittings.
Specifications on automated
SUB>GC>DES>Sub of sprinkler heads with a note
211000-002 |Sprinkler Heads PD 1/7/2015 13|DES>DES>GC>SUB Approved as noted indicating chrome plated finish.
Valves - Butterfly Valve w/ SUB>GC>DES>Sub of Specifications on weatherproof
211000-003 [Tamper PD 1/7/2015 13[DES>DES>GC>SUB Approved actuator valve.
SUB>GC>DES>Sub of Specifications on checking valves
211000-004 |Check Valve PD 1/7/2015 13|DES>DES>GC>SUB Approved for water pressure.
Specifications on low, differential,
latched clapper valve to separate
Valves - Dry Alarm Check SUB>GC>DES>Sub of water supplies from dry-pipe
211000-005 |Valve and Trim PD 1/7/2015 13|DES>DES>GC>SUB Approved systems.
Specifications on valve controlling
water into pre-action sprinklers,
Valves - Pre-Action Valves SUB>GC>DES>Sub of and smoke detectors. Note
211000-006 |and Smoke Detector PD 1/7/2015 13|DES>DES>GC>SUB Approved as noted sequencing of operation.
SUB>GC>DES>Sub of Specifications on brass valves for
211000-007 |Valves - Ball Valve PD 1/7/2015 13|DES>DES>GC>SUB Approved as noted piping.
SUB>GC>DES>Sub of Specifications on brass valves for
211000-008 |Valves - Test N Drain PD 1/7/2015 13|DES>DES>GC>SUB Approved piping.
Valves - Double Check Valve SUB>GC>DES>Sub of Specifications on Bbackflow
211000-009 |Assembly PD 1/7/2015 13|DES>DES>GC>SUB Approved preventerv valve.

KEY: PD= Product Data

SD= Shop Drawings
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SUB>GC>DES>Sub of

Specifications on hangers to hold

211000-010 |Hangers and Supports PD 1/7/2015 13|DES>DES>GC>SUB Approved piping.
Specifications on alams for
Initiating Devices - Supv and SUB>GC>DES>Sub of pressure switches to indicate
211000-011 |Alarm Pressure Switches PD 1/7/2015 13|DES>DES>GC>SUB Approved discharge by sprinkler.
Initiating Devices - Water SUB>GC>DES>Sub of Specifications on water flow
211000-012 |Flow Switch PD 1/7/2015 13|DES>DES>GC>SUB Approved detector.
Notification Devices - Electric SUB>GC>DES>Sub of Specfication on low current
211000-013 |Bell PD 1/7/2015 13|DES>DES>GC>SUB Approved electric alarm bells.
SUB>GC>DES>Sub of Specification on adaptors,
211000-014 |Hose Connections PD 1/7/2015 13|DES>DES>GC>SUB Approved as noted bushings, angle valves.
Specifications on inlet
connections for water supply
Hose Connections - Fire SUB>GC>DES>Sub of [Approved as noted - system. Resubmission to comply
211000-015 |Department Connection PD 1/7/2015 13|DES>DES>GC>SUB Resubmission Required |[to City standards.
SUB>GC>DES>Sub of Specifications on oilless tank
211000-016 |Air Compressor PD 1/7/2015 13|DES>DES>GC>SUB Approved as noted mounted compressors.
SUB>GC>DES>Sub of Specifications on intumescent
211000-017 |FireStopping PD 1/7/2015 13|DES>DES>GC>SUB Approved sealant for connections.
SUB>GC>DES>Sub of Specifications on settl hinged wall
211000-018 |Wall Plates and Escutcheons [PD 1/7/2015 13|DES>DES>GC>SUB Approved plate for pipe penetrations.
Pipe and Fittings - SUB>GC>DES>Sub of Specifications on ductile iron
211000-019 |Underground Service Entrace [PD 1/7/2015 13|DES>DES>GC>SUB Approved pipes.
Pipe and Fittings - East SUB>GC>DES>Sub of Specifications for fire sprinkler
211000-021 |Garage PD 1/7/2015 13|DES>DES>GC>SUB Approved pipe and fittings.
Specifications on automated
SUB>GC>DES>Sub of sprinkler heads with a note
211000-022 |East Garage Sprinkler Heads |PD 2/6/2015 3|DES>DES>GC>SUB Approved as noted indicating chrome plated finish.
Valves - East Garage Butterfly SUB>GC>DES>Sub of Specifications on weatherproof
211000-023 [Valve w/ Tamper PD 2/6/2015 3|DES>DES>GC>SUB Approved actuator valve.
Specifications on low, differential,
latched clapper valve to separate
Valves - East Garage Dry SUB>GC>DES>Sub of water supplies from dry-pipe
211000-024 |Alarm Check Valve and Trim |PD 2/6/2015 3|DES>DES>GC>SUB Approved systems.
Valves - East Garage Ball SUB>GC>DES>Sub of Specifications on brass valves for
211000-025 |Valve PD 2/6/2015 3|DES>DES>GC>SUB Approved as noted piping.
Valves - East Garage Test N SUB>GC>DES>Sub of Specifications on brass valves for
211000-026 |Drain PD 2/6/2015 3[DES>DES>GC>SUB Approved piping.
East Garage Hangers and SUB>GC>DES>Sub of Specifications on hangers to hold
211000-027 |Supports PD 2/6/2015 3[DES>DES>GC>SUB Approved piping.
East Garage Initiating Devices SUB>GC>DES>Sub of Specifications on water flow
211000-028 |- Water Flow Switch PD 2/6/2015 3|DES>DES>GC>SUB Approved detector.
East Garage Initiating Devices Specifications on alams for
- Supv and Alarm Pressure SUB>GC>DES>Sub of pressure switches to indicate
211000-029 |Switches PD 2/6/2015 3|DES>DES>GC>SUB Approved discharge by sprinkler.
SUB>GC>DES>Sub of Specifications on oilless tank
211000-030 |East Garage Air Compressor [PD 2/6/2015 3[DES>DES>GC>SUB Approved as noted mounted compressors.

KEY: PD= Product Data

SD= Shop Drawings
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SUB>GC>DES>Sub of Specifications on intumescent
211000-031 |East Garage FireStopping PD 1/7/2015 13|DES>DES>GC>SUB Approved sealant for connections.
Specifications on cast iron soil
Pipe and Fittings - Service SUB>GC>DES>Sub of pipe and fittings for underground
221000-001 |Weight PD 1/7/2015 13|DES>DES>GC>SUB Approved applications.
Specifications on cast iron soil
SUB>GC>DES>Sub of pipe and fittings for above ground
221000-002 |Pipe and Fittings - No Hub PD 1/7/2015 13[DES>DES>GC>SUB Approved applications.
SUB>GC>DES>Sub of Specifications on overflow
221000-004 |Sub-service Drain PD 1/30/2015 6|DES>DES>GC>SUB Approved standpipe roof drain.
SUB>GC>DES>Sub of Specifications on interlocking
221000-007 |Trench Drain PD 1/30/2015 6|DES>DES>GC>SUB Approved drain system.
SUB>GC>DES>Sub of Specifications on heavy duty floor
221000-008 |Promenade Drain PD 1/30/2015 10|DES>DES>GC>SUB Approved as noted drain.
SUB>GC>DES>Sub of Specficications on floor cleanouts
221000-009 |Floor Cleanout PD 1/30/2015 6|DES>DES>GC>SUB Approved with adjustable tops.
SUB>GC>DES>Sub of Specifications on bronze waste
223000-001 |Drainage Ejector Pump PD 2/5/2015 4|DES>DES>GC>SUB Approved as noted water pump.
SUB>GC>DES>Sub of Specifications on 4" submersible
223000-002 |Ground water ejector Pump  |PD 2/5/2015 4|DES>DES>GC>SUB Approved as noted heavy duty pump
Garage Drainage Ejector SUB>GC>DES>Sub of Specifications on 2" submersible
223000-003 |Pump PD 2/5/2015 4|DES>DES>GC>SUB Approved as noted heavy duty pump
SUB>GC>DES>Sub of Specifications on 3" submersible
223000-004 |Sewer Ejector Pump PD 2/5/2015 4|DES>DES>GC>SUB Approved as noted slicer pump
Specficications on electrical
SUB>GC>DES>Sub of vector mapping hanhole. Noted to
261000-001 |Vector Mapping Handhole PD 1/21/2015 13|DES>DES>GC>SUB Approved as noted confirm size and quantity.
Shop drawings for underpinning
SUB>GC>DES>Sub of |Approved as noted - excavation and support for initial
314000-001 |Underpinning - at C.L. N SD 7/30/2014 14|DES>DES>GC>SUB Resubmission Required |work.
Schnabel Hotel Area SUB>GC>DES>Sub of [Approved as noted - Shop drawings for hand
314000-002 |Underpinning SD 1/21/2015 6|DES>DES>GC>SUB Resubmission Required |excavating underpinning piers.

KEY: PD= Product Data

SD= Shop Drawings
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Appendix J: Submittals Turnover Analysis

Submittal Turnover Analysis

16-35 Days
2%
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Appendix K: Lean Survey Questions

Q1.

In order to evaluate the lsan concepts, our team has created this evaluation system (o look at differant aspects
including communication, prefabrication, inventory, just in time delivery, Kitting and 55, and pull system. We

would really appreciate it f you could take 15 minutes o take the survey and evaluate the concepts based on

your knowledge and experience.

9. Please provide the position you hold in the project

Jiest

COMMUNICATION: Please evaluate the communication™ for the different activities by using a rating of 1 to 5, with 1

meaning very poor communication and 5 being excallent communication.

*In lean concepts, communication i defined as the ineractions betwean the key players through various mediums

(email, phona, face-to-face, intermediaries, atc.) which align them with their end goal of maximizing the and value and

How affecive hava you bean
communicaling wilth all parbas 1o
cragla your CPM Schedula?

How affecive hava you bean
communicaling wilth all parbas 1o
creale your 4 Waak Look-Ahsead 7

How effective hava you beean
communicaling wilh &l yaur
Subconiraciors?

How would you rale your submital
process?

How wisuld you rale your RFI
process?

How wiould you rale your Change
Requas! procass?

How much influence did the delay
in GMP approval influence your
ragpones abova?

How efiective have your
communicalions bean willi
wendors, supplierns, and
subtonraclor, in larms of
malarial dalivanas’?

Honw effactively have you
communicaled your safely gosls
10 your subconiracion?

How efleclively have your
subconlracion communicatsd
their safialy requirements and

issuas?

How effective have your been
communicaling during your

procuramenl procass? (vandors,
suppliens, subconlracions)

s i il s rabs B fasseall

A

i

decreasing waste.
Wary Poor Paor

i i
i ©
i ©
C I
[ i
[ i
i ©
© r©
i i
i ©
[ ©

Fair

i

Good

r

Excalient

~
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LR R, LW R LN I\.H.I IO T wreal
communicalion of is project? C = C C C C

PREFABRICATION: Please evaluale the impact of prefabrication”™ in each activity by using a rating of 1 to 5, with 1
meaning very low and 5 being very high.

*Prafabrication s defined as assembling outside of the project site to save ime and spaca.

MiA mm {fal"] e hlgh vy ﬂlﬂﬂ
How much prafabricaion did the
design of the garage includea? e r L r ' r
How much prafabricaion did the
design of the garage allow for? c C [ e s e
How much savings in Bme has
prefabrication allowed in your i r r ~ - ~
CPM schaduba?
How much savings in money has
prefabhicalion allowed in your i r - - - ~
CPM sehaduba?
Haow much savings in space has ~ - o - - -

prefabricaiion alowed for on sila?

How much prefabrication do you
anficipale o do with ihe shell ", C i i i~ r
consruchion (seal)?

INVENTORY': Please evaluate the use of inventory™ by using a rating of 1 to 5, with 1 meaning very low and 5 being
vary high.

*In bzan terms, inveniory refars to all the materials that are not being utillized and stored on site. Lean aims to have
only the materials that are required in order to accelerate the process, as well as, increase the working space and
organization on site.

A wery bow Ierw Mt high wery high

Henw mruch effeel de you pul inls
having only lhe necessary
invenlory on sila fior the naxt 4 © C e C c C
weaks ala lime?

How efficsenty has the inveniory
been organized an sile? C C C c C C

How mch invenbory ana you
sloringkaeping on sila? » . - » » »
How much effon do you pulinlo
having all Be necassany L, i [ i © i
suEpmenl on sila?

Hawe subimilals causad o tal
bahind wilh the malekals needead i i [ i [ .
o sila?

How effactive have you been on

having all Ihe concrels necassany

for foundalions; on Sile, on spec, B = e e e c
and on lima?

Hew important will inveniony (as
defined abave ) be during the . i i~ i © i
shell (gleel) construction?

How effsclive was he
coondinaBon Tor inucking malerials
in and oul of Sila during the sika = = = = = =
work phasa?

JUST IN TIME: Please evaluate the efficiency of the just in ime” delivery of materials by using a rating of 1 to 5, with
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1 meaning very poor and 5 being axcellent efficlency .

*In Lean, Just in Time i dafined as the delivery of the materials at the dght moment in arder to reduce waste, Hme,
and cost. The goal is 1o reduce the amaount of inventory and deliver the materials when neaded.

NIA vary poor Poar Fair Goad Excalian
Wil Emilsd apaca ko work an sils,
hew has juslin ime delivary of
maledials impacted (he skaging on L L . L . L
silla?
How much have yc-:mﬁd&m:l
justin Eme delivaries i minimize ~ ~ - ~ - ~

negafve impacts wilh your
accessibilily on sile?
Whal impact has just in lime
delivery had on the sguipmen - r © " C r
you have renbed?
Whal Enpact has just in ine
delivery had on the eguipment i T i f C i
Consigli owns?

KITTING & 55: Please evaluale the organization of supplies based on the concept of Kitting™ and 55™ by using a
rating of 1 to 5, with 1 meaning very poor and 5 being excellant organization.

*Kitting reduces the inventory levels and increases the operator's effectiveness. It decreases the space neaded for
supplies storage and ensures ease of access o supplies.
85 Includes: (1) sorting, (2) stralghtening, (3) shining, (4) standardizing, and (5) sustaining.

MIA wery poar Paar Fair Good Excelen

How affeclive have you beaen

applying hese concepls when

sloring supplies in your conax
boxes on sile?

How affeclive have you beaen
applying hese concepls when
sloring supplias in your field
oflica?

How effiecke do you tink your
conlraciors have been al applying i i i i © i
the concepls above T

i, i i i r i

PULL SYSTEM: Please avaluats the use of the “Pull Systam™ in the varous activities by using a rating of 1 1o 5, with
1 maaning very low and 5 baing very high.

*This system ks based on the “Last Planner Method® (LPM) instead of the common scheduling method of CPM.
Instead of pushing the schedule out more in order io accommodate for more time to complete tasks, you act on the
reasons for those fallures and work with everyone to improve them and avold repeating the same mistake to keap the

project an schadule.
M wary low low medium high wery high

How riich have you ulilizad pull
on your CPM schadule? . L] L ] L L

Hew mueh have yeu ulilized pull
of your 4 waek look ahead? = = . = 0 =

How mrunch di you enforcelredquins
your subconifacion lo wlilize he i i i i I i

pull syslam’

How much did you inlagrale your

glaging on sile with e pull ' i © r i r
ayslem?

How much impact have change

requasis had on your abilly o = i i i i =
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Appendix L: Lean Concepts Research

(1)Communication and Level of Understanding - Often times, effective communication between the

different counterparts in a construction project is lacking, which leads to setbacks in the production,
delivery of materials, and goal completion, amongst others. The current practice encourages participants
to perform in their own silos and areas of work, but sometimes it does not align them towards the end
goal of maximizing the end value and decreasing waste. In many cases, productivity improvements in each
silo lead to even more unpredictable workflow because collaboration is limited and as mentioned before,
lean construction should be applied to the entire process of a project, and not just a specific section. The
figure below shows the traditional approach (left) to a project where the different silos are hired as the
project progresses. However, a lean project would involve all the key players since the first phase in order

to reduce waste in the overall project, as depicted in the graph on the right.

Traditional Approach Integrated Project Delivery

Level of Common understanding Level of Common understanding
...................... o ——
-

: Pre-Construction Services Constriftion : L .
s | et c onstruction Serv Construction
P ‘- 5
mo | i mo
B 2| ‘Architect Hired p 2 Hired
4= | =
2 g Engineers Hired 1 s g Hired
[=] [=]
= P R A, > / o )
H z
3 CMIGC Hired / & rs Hired

P S, > p 7 ades Hired
- "
| =
T R T T T T e e tete st neteneetEatetettetatetttenttttetetetttatetttttatetetetatettetattttteterererter
3D DD CD Time Time
McDonough Holland & Allen PC @ William Lichtig 2010 Used with permission

Traditional Approach vs Lean Approach
Our team will evaluate the current project design and management based on this concept to

determine the best practices for communication and understanding across all the key players in the

project. Recommendations for improvement on this aspect will be provided.

(2) Prefabrication - In many projects, pre-fabricating certain objects or using materials that can be
assembled outside of the project site, can significantly save time and space. Prefabrication can lead to
better safety, a cleaner project site which reduces waste, and more space to assemble the parts; all which
can benefit with the construction time and efficiency of certain activities. The construction of the parking
garage is facing a big challenge with the space available at the project site to hold materials and progress
on the construction, due to its location in downtown. The team will evaluate the impact that utilizing
prefabricated concrete can have on the time and space at the project site, as well as the improvement on

efficiency it may have.
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(3) Inventory - Having too much inventory is always an issue because it is considered waste and reduces
the workspace available. With the current design of steel, many of the materials will be received and
stored on site as they get used and placed on their respective location. However, with the alternative
design of prestressed concrete, prefabrication will be an advantage and can potentially improve and
reduce the amount of inventory. The site does not have much space available to hold the materials and
machinery, and still operate efficiently while not disturbing the operations in the downtown area. The
team will analyze the inventory on-site based on the two designs and determine which one is more

effective.

(4) Just in Time - Delivery of the materials at the right moment is crucial for the efficiency of the project
and to reduce waste, time, and cost. With the goal of reducing the amount of inventory, just in time
delivery of materials will be essential to utilize the materials when needed (pull), rather than having them
on site. This would give us no laydown and no truck staging outside of the site, a crucial element in this
project due to its location. With a material such as prestressed concrete, the delivery of the slabs when
needed will impact the efficiency and progress of the project. We will evaluate the delivery of materials for

both designs and determine which are the critical elements for each activity.

(5) Kitting and 5S - When applying lean concepts to a process, 5S can be a simple solution to a lot of

drawbacks. The five S’s include: (1) sort, (2) straighten, (3) shine, (4) standardize, and (5) sustain. Sorting
allows you to go through everything in the work area to keep what is necessary and discard the materials
that are not used. Straightening and shining includes identifying items that go together, organize them,
and arrange them for an effective retrieval. Standardizing and sustaining will allow you to determine the
best practices to not fall into old habits and educate people about maintaining those standards. Kitting
reduces the inventory levels and increases the operator’s effectiveness. It decreases the space needed for
material storage, reduces the overall deliveries, and ensures ease of access to materials. Our team will
evaluate the project site in terms of their effectiveness of usage and storage of materials on site. Based on
the outcomes and performance, we will provide recommendations to improve such practices. Better
storage and organization of their materials can impact the staging on site, accessibility to the site, and the

equipment usage and rental.

(6) Pull system - The pull system is perhaps the most common concept in Lean process improvement. This
system is based on the “Last Planner Method” (LPM) instead of the common scheduling method of CPM.
This method is designed to “integrate ‘should-can-will-did’ planning and activity delivery of a project”.
(Sayer, 2012) The LPM empowers the person who is making the job assignments to direct and

communicate with the workers, enabling a constant communication vehicle with everyone. One of the key
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components to the LPM is the learning aspect of it, where you identify any failures and the reasons behind

it. Instead of pushing the schedule out more in order to accommodate for more time to complete tasks,

you act on the reasons for those failures and work with everyone to improve them and avoid repeating the

same mistake to keep the project on schedule. Our team will be doing an evaluation of the current and

proposed schedule based on the LPM concepts to identify what type of system is being utilized and if there

are any areas for improvement in the schedules. The figures below illustrate the Last Planner Method and

compares it to the traditional CPM scheduling.

Should

Can

Will

Did

Last Planner™ Method

5 Connected Conversations

Master Scheduling
Milestones

_—

Make Work Ready
Planning

<=

"CPM is the tool for you if you believe what you know is more important than what you can leam, and if
you prefer being ‘In Charge’ to getting the project done, and if out-of-date plans are more useful than a
team prepared for action.“— Greg Howell

Phase “Pull” Planning

» Set Milestones, Set Strategy,
Identify Long Lead Items

»  Specify handoffs, Indentify
Operational Conflicts

» Make Ready and Launch
replanning when needed.

»  Promise

> Measure PPC and Act on
Reasons for Failure

Last Planner vs. CPM Scheduling

The primary function of scheduling and planning is optimizing production.

Traditional CPM Scheduling
(Command and Control)

Master Schedule Development
(Consultant)

Look Ahead and Resource
Scheduling

|

| Monthly Updates

|

Last Planner™ Method
Five Connected Conversations

Master Scheduling

‘\ Milestones

Make Work Ready
Planning

Weekly Work Planning
(by Foreman and Supts)

The Last Planner Method outline (n.a., 2009)

Last Planner Method vs. Traditional CPM Scheduling (n.a., 2009)
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Lean Survey Responses

Appendix M
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Appendix N: Conex Boxes

Inside the Conex Box

Outside the Conex Box
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Appendix O: Alternative Design - Prestressed Double Tee Beam Zone A

Width,W (in) = 180| w
Height,H (in) = 30|
} 1
b 7.75 I 1 ‘
a —e -
a 9.75] 1TT
h ’ | | | 1
|
H-h 26) | + | ‘ H
Length (in) = 360| . U
cb 22.38326 ——H=— b
Ct 7.616738
Area (in"2) = 1175
Inertia (in"4) = 85138.07 Shape |1 A y A*y d A*d?
Section Modulus,Sb (in?3) = 3803.649 in® in* in in* in in?
Section Modulus,St (in*3) = 11177.76| Flange 960 720 28 20160 5.616738| 22714.37
Volume/Surface (in) = 2.599035 Web 1 12760.04 227.5| 13.49524| 3070.167| 8.888024( 17971.81
Web 2 12760.04 227.5| 13.49524| 3070.167| 8.883024( 17971.81
Sum = 26480.07 1175 26300.33 58658
1969520
e @ transfer Length (in) = 1.195
Msw @ transfer length (k-in) 565.2648]
Properties of Concrete Properties of Prestressing Steel
fc'(psi)= 6500 fpu (ksi) = 270
fci(psi)= 5000 Number of Strands = 16
Density of Conrete (Ib/ft3) = 150 — | 4ps (inn2) = 0.217
Ec'= 288773337 33 < w_ 'S _[£° Eps (psi) = 2856107 0.7 = A, * #of strands * f,,
N i (k) = 656,208
Eci= 4286825749 33 < w5 |7’
N [
'
Section Properties Loads ]
Rectangular Beam Live Load (k/f)= 3.7 ¢
wicth,b (in) = 180 Dead Load (k/f} = 3,375 t
Height,h (in) = 30 Self Weight (k/ft) = 1.223958333 '
Length (in) = 360 |t
¢
lArea (inh2) = ums bxh ¢
Inertia (in~4) = 85138.07083 3 I
cb=ct (in) = 22.38326241 I Ebh ct= 7.616737589 1
Section Modulus,Sb (in%3) = 3803.648872 h/_z st= 11177.7608 ¢
volume/Surface (in) = 3
Prestress Losses [
Elastic Shortening Creep of Concrete
es= 1 cer= 2
eir= 0.9 Ml (kp-in) = 4556.25
e (in)= N 105 feds (psi) = 561.9181235 AT e = ¢
Msw (k-in) = w,,, X L= 1652.34375 CR (psi) = 5850.880517 - E, i
s CR = Kep (Z25) Geer — Foasd
feir (psi)= 1063.629421 <
ES (psi) = ES= KesEpsfeur 7071301768
EH
shrinkage of Concrete of Tendons
Ksh = 1 Kre= 5000 From Table 5.7.1
Relative Humidity (RH) = 75 Design Aid 4.11.12 1= 0.04 From Table 5.7.1
SH (psi) = 4931.408261 fpi=Pi/Aps 189
SH = (8.2 X 10™) K., Eoc (1 — 0.06V/S)(100 — RH) foi/fpu 07
c= 0.75 Table 5.7.2
RE (psi) = 3214392284 RE = [K_.. — J(ES + CR + SH)]C

TOTAL LOSS (PSI)=

21067.98283
5830599636

P, — (TL~# of strands » A,.)

1114708086
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Critical Stress Calculations

Fse =(0.7 x fpu) ksi
TI=(Transfer Length -in) =

1839
34 Design Aid 15.3.4

Ps forces after losses

Transfer @ Release

A
Msw, T (k-in}= 565.2647569 S < (L — Ty ) =12 b P P
feir(ksi)= 1.197697874 = For = Hm_(; ) ZawT
EST (si)= 7962625821 Az L
Loss Est (k) weae23685 (EST X A, X #of strands)
Poa(k)= 6285617631 P, — ES .
Midspan @ Release
Msw,M (k-in)= 1652.34375
ESw (ksi)= 7.071301768
Loss Esm (k) 24.55155574 ES.>< A__ < Fof strands
Poz(k)= 631.6564403
Midspan @ Service
Msw (k-in)= 1652.34375)
MsoL (k-ii 4556.25
MLL (k-in)= 5062.5]
Poz(k)= 590.5872}

Transfer @ Release Midspan @ Release

Midspan @ Service

*FEE*units are in psittrrE fio ft fo fi fo fi
Po/A 534.9461814 534.9461814 [ 537.5799492 537.5799492 I 502.6274043 502.6274043
Po.efs 1735.149257 -390.449074 1743.692135 -393.3561062 1630.320203 -354.777089
Msw/S -148.6111826 50.57048251 -434.4101692 147.8242181 -434.4101692 147.8242181
Msdl/s [ 0 0 0 -1197.862935 407.6174184
MIl/s 0 0 0 0 -1330.958816 452.9082427
Total 2121.484255 -4.932410128 1846.861915 92.04806109 -830.284313 956.2001942
PCI Limits 3500 -530.3300858 3500 -530.3300859 -967.4709298 4550
Limit Check InLimits Class U In Limits Compression OK Class U In Limits
p . Pas el’
Deflection Calculations ey
Camber (in)= 0.29439173
Def due to SW {in) = 0.06111876| L“3 B4E,.1,
W,
Def due to SDL (in) = 0.147812105 L}
384E_'1
If Uncracked c'g
. 4
Def due to LL (in) = 0.1642356?2| Swy, L
I
384E, Ig
If Uncracked
(1) Release  Multiplier (2) Erection Multiplier (3) Final
Camber 0.294 1.300 0.530 2.450 0.721
wWsw -0.061 1.850 -0.113 2.700 -0.165
wsd -0.148 3.000 -0.443
wll -0.164]
0.269 -0.051]
Total Deflection 0.320
Connection Design
fy (ksi} = 60 Assume
fys (ksi) = 60
wu (k/f) = 13.53 See Load Calculations Ir'|r':;_; = 1_2[5“'? 4 DL) +16LL
Vu (k) = 202.95
Wy XLy, =02xV,
Mu (k) = 4059 y, =T ° y=0.2XVy
Lambda = 1 2
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Reinforced Concrete Bearing

afin)= B
h{in)= 15.5 4= 1 [V E+ " E] 1/2 in Grout for connection
d{in) = 14 *efl"d Ud
As (in) = 3.575785714
M = 1 Table 5.3.1
Me= 10.31042129 _ 9 x1000xAxbxXhxp
Me = 19 N V,, % 1000
Max Me = 29 Table 5.3.1
a](- e abie EVU NU
As' (in"2) = 1938781608 AL = + 2
Critical As [in*2) 3575785714 gfins  of
Use #  BARS 548
[ s o Ny
Ah (in"2) = 1524 Ap =05 45— f,
Use % UBARS 248
[ o o v,
- u
Ash (in*2) = 451 Aun =§
Use # _ STIRRUPS 6#8 ¥
[ - o I
1|V, 2bddfS"
fv (in*2) = -1131148258 4, =— |2 7 ff]
Use __ #  STIRRUPS 2fy | @ 1000
e 0 o 2bd
Chech Vn (k) = 3758533429 vy = Af, + 4,5, + =
Ok 1000
Ld Ah (in) = 145 Design Aid 15.4.4
Ld As (in) = 375 Design Aid 15.4.4
Anchor for As (in) = 535 Ly=H-d+ 1,
0 E#8
L L L] L]
] ] ] ] L ]
L] : L] : [] L] 288
—
"= B s ® g =
- -
CL L] L] [
o e a atx
- " om "o W
—————
] L] L]
2 " 5 38 53.5 in
L] L] L] - g L
L] L] L] LES | L]
L] [ ] L] " oE L]
L] L] L] L L]
145 in
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Appendix P: Alternative Design - Prestressed Double Tee Beam Zone C

Properties of Concrete

Properties of Prestressing Steel

fc(psi 6500 Fpu (ksi)= 270
fcilpsi) 5000 Number of Strands = 12
Density of Conrete (Ib/ft"3) = 150 0217
Ec'= 488773337 285607 0.7 = A,, = #of strands = f,,
452,156
Eci= 428682575
o
3
Section Properties Loads b
Live Load [} 1.5} =
180 Dead Load 3.375] h
20 seiFWeight (K 122355533 3
Lenzth (in)= 360 L
B
Area (in"2] 175 bxh c
Inertiz [in"4 85138.0708 1 s
ch=ct (in} 22.3832624 I ;bh ct= 7.616737539 I
section Modulus,Sb (in3) = 3803.64887 E - st= 11177.7608 s
Volume/Surface (in)= 2.53903506 H
v
Prestress Losses
Elastic Shortening Creep of Concrete
Kes= 1 Ker= 2
Kcir= o9 Ml [kp-in] = 4556.25
= (in}= 105 feds [p: 561.918124 D e = B
Msw (k-in)= 1652.34375 CR (psi)= 2155.79081 = =, In
CR = Kcg (f) ot — Foas)
fcir (psil= 746.776557 =
ES (psi)= ES= 496477653
Shrinkage of Concrate Relaxation of Tendons
Ksh = 1 5000 From Table 5.7.1
Relztive Humidity [RH) = 75 Design 4id 4.11.12 0.04 From Table 5.7.1
SH (psi)= 4931.40826 189
H = (8.2 x 10~*)K;uEe. (1 — 0.06V/5)(100 — RH) 0.7
0.75|Table5.7.2
RE [psi)= 3338.44073 RE = [Kepe —J(ES + CR + SH)]|C
15440.4163 8.169532453
451945156
P, —(TL=# of strands = A,,)
Critical Stress Calculations
Fse=[0.7 xfpu) ksi 18%
TI=[Transfer Length-in)= 34| Design Aid15.3.4
Ps forces after losses
Transfer @ Release Ww., < T,
565.264757 > (L —Ty) =12
0.88084501 2
5.B5610058 i
Loss EST (k) 152492859 (ESy x A,, x #of srrands)
Poilk}= 476.906714 P, — ES

Midspan & Release
Mzw, 1 [k-in}=

ESM [ksi)=

Loss ESta [k}

Pozkl=

1652.34375
496477653
12.89222781
479.227722

ES,., >= .4

F. ==

> #of strarcds

Midspan & Service
Msw [k-in}
MsoL )
MLL [k-in}=
Posfk}:

1652.34375
4556.25
2025
447.5404]

Transfer @ Release Midspan @ Release Midspan @ Service
FEynits are in psitHH i it i it i it
PofA 405.878055 405.8780545 407.8533204 407.8533804 " 376.9705532 376.970553
Po.e/5 1316.50441 -447.53355919 1322.911564 41322511564 7 1222.740152 -1222.7402
Msw /S -148.611183 50.57048251 -434.4101882 434410152 r -434.41018582 424.4101e8
Msdl /5 o o i) o -1157.862935 1197.86293
IS 0 0 1] 0 -532.3835265 532.383526
Total 1573.77128 8.4585945185 1296.354776 -420.6480149 -564.945925 1318.88703
PCI Limits 3500 -530.2300859 3500 -520.2200859 -604.66932311 4550
Limit Check In Limits 'CDmpressiDnDK In Limits Clazs U Class U In Limits

" . Pyel*
Deflection Calculations BE L )
Camber (in}= 0.22335034 e Swy, L7
Defdueto SW [in)= ooslliEzel iﬁﬁﬁn{.
Defdue to SDL (in)= 0.14781211 L
If Uncracked 3B4E, '[F
Defdue to LL [in) 0.06569427] Swy L*
384E.'I,
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If Uncracked

[1)Release  Multiplier [2) Erection Multiplier (2} Final
Camber 0.223 1.800 0.402 2.450 0.547
s 0.081 1.850 -0.112 2.700 -0.165
wesd 0.143 3.000 0.443
il -0.06E|
0.141 40,127
Total Deflection 0.268
Connection Design
fy (ksi)= B0 Assume
fys [ksi)= &0
13.53 See Load Calculations W, = 1,2(5”’ + DL} + 1.6LL
202.35 ) N
4059 p M XL N =02xV
1Y <
Reinforced Concrete Bearing
alin)= g
inl= 1 a h
h [!n:- 13;5 A= _[L.U 24w, Hl
dfin)= 17 ¢f, d d
2 (in)= 3.10394118
M= 1 Table 5.3.1
Me = 12.3059867 @ X1000X AXbXxhXu
F] —1
Me = 2.9 He V, %1000
Max MEl= 2.9 Table 5.3.121’" N
Az’ (in"2)= 1.93878161 Al=— T3 =2
Critical As [in"2) 3.10394118 3gfou, &f,
Use # BARS S#8
T ¥y
Ah (in"2) = 1524 Ap =054 — of,
Usze # U BARS 2FE
e - >
N v l"u
#sh [in*2)= 451 Ay = oF
Uze # STIRRUPS E#E ¥
T -
r 17 gt
2w [inh2)= -1.85675145 4 - "_U_M}
Use __#  STIRRUPS 2fy|# 1000
e - - -
ChechWn (k)= 441157631 p. = | A F + 4 F +oiie
- w 'p( vhe T 4fs Y 500
Ld Ah [in)= 22.5 Design Aid 15.4 .4
Ld A= [in)= 375 Design Aid 15.4.4
Anchor for As (in)= 50.5 Ly=H-d+1,
-.']l__ E#E8
L] - L] - [] L]
[ ] L [ ] L1 [ 1
¥ ¥ s
— — — : : : : : : 2#8
[ L] [ L []
L u n u ™ -
- T T e B e -
m W m " g = SFF
L L L L ™ L]
- m ® m B g o= v
m " o§ ® g om 50.5 in
L] Ll L ] LI L ]
L] L] L ] L ™ L ]
L] L] L ] L ™ L ]
n n [ ] n ™ ]
n L] n L] ] n
225 in
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Appendix Q: Alternative Design - Prestressed Inverted Tee Beam Zone A

b2 b1 b2
h1
Width,b {in) = 40 h Perimeter
Height,H (in) = 30| [ ] | 2800 webtop
bl 28] h2 32  websides
h2 14] 1200 flange top
hl 16 28100 flange sides
b2 I | 40.00 flange bottom
Length (in) = 344 14000 sum
ch 13.6667] X
Ct 16.3333
Area (in*2) = 1008
Inertia (in"4) = 74704 Shape |l A Vi ATy d A~g*
Section Modulus,Sb (in*3) = 5466.15 in* in* in in* in in*
Section Modulus,5t(in®3) = 4573.71 Flange | 9146.67 560 7 3920| -6.6667| 2488B.9
Volume/Surface (in) = 7.2 Web 9557.33 448 22 9856| -B.3333| 311111
sum= 18704 1008 13776 56000
Properties of Concrete Properties of Prestressing Steel
Ifc'(psi)= 6500 fpu (ksi) = 270
[fci(psi)= 5000 Number of Strands = a5
Density of Conrete (Ib/ft"3) = 150 fr— Aps (in*2) = 0.217
Ec' = 438773337 33 = w15 [F° Eps (psi) = 28507 0.7 = A__ = #of strands = f,,
N i =
— Pi (k) = 1845.585
Eci= 4286825749 33 x w15 ,‘f ’
e Te
Section Properties Loads
Rectangular Beam Live Load (k/f)= 7.5}
Width,b (in) = 40 Dead Load (k/f] = 9.19791667]
Heighth (in)= 30 Self Weight (k/ft) = 1.05
Length (in) = 344
lArea (in*2) = 1008 bXxh
Inertia (in*2) = 74704 1 3
co=ct (in) = 13.66666667 I 175“ ct= 16.33333333
Section Modulus,Sb (in*3) = 5466.146341 hf_7 = St= 4573.714286
[Volume/Surface (in) = 72 B
Prestress Losses
Elastic Shortening Creep of Concrete
Kes= 1 Ker= 2
Keir= 08 Mdl (kp-in) = 11337.9653
& (in)= . 6 feds (psi) = 910.63118 bl — e
Msw (k-in) = W, > L7 12043 CR (psi) = 16719.7086 - B
— PSN o~ -
8 CR = Keg (E_) Soir = Foasd
[fcir (psi)= 2344 341314 e
ES (psil=  p5= 15585.82769
Shrinkage of Concrete Relaxation of Tendons
Ksh = 1 Kre= 5000 From Table 5.7.1
Relative Humidity (RH) = 75 Design Aid 4.11.12 1= 0.04 From Table 5.7.1
SH (psi) = 331854 fpi=Pi/Aps 189
H = (8.2 x 10_°)K  Ec. (1 — 0.06V/5)(100 — RH) fpi/fpu 07
c= 075 Table 5.7.2
RE (psi) = 268127771 RE = [K . —J(ES + CR + SH)]C
TOTAL LOSS (PSI)= 38305.35399 20.26738306

1471533218
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Critical Stress Calculations

Fse = (0.7 x fpu) ksi
[Tl= {Transfer Length -in) =

189

34 Design Aid 15.3.4

Ps forces after losses

[Transfer @ Release

Mswi,1 (k-inj= 461.125 ""_, L (L —T,)=12

Fcir(ksi)= 2411255417 =

EST (ksi)= 16.0307177

Loss EST (k] 1565390583 (ESy < A, < #of strands)

Poi(k)= 1689.045042 P, — ES

Midspan @ Release

Msw, M (k-inj= 12943

ESM (ksij= 15.5858275

Loss ESM (k) 1521956074 ES,y > A, > #of strands
Pozk)= 1593380303

Midspan @ Service
Msw (k-in)=
MsOL (k-inj=

MLL [k-in)=
Fo3(k)=

12943
11337 96528
5245
1661.0265

Transfer @ Release

Midspan @ Release

Midspan @ Service

****units are in psi***** b fr b ft b t
PofA 1675.639922 1675639922 1679.948734 1679.949734 " 1647.84375 1647.84375
Po.e/S 1854.006391  -2215.763735 1858.775035 -2221 462846 1823.251406 -2179.0078
Msw/S -84.3601637  100.8206834 -236.7847326 2829866317 -236.7847326 236.784733
Msdl/S 0 0 0 0 -2074.215465 2478.94043
MIlfS 0 0 0 0 -1681.318519 2021.33308
Total 3445286149 -439.3031296 3301340096 -258.5264204 -531.2245613 4205.89422
PCI Limits 3500 -530.3300859 3500 -530.3300858 -604.6693311 4550
Limit Check In Limits Class U In Limits Class U Class U In Limits
. . Pypel®
Deflection Calculations
BE'.»:Ig Sw_ L*
Camber [in)= 0.465305124] Waw
Def due to SW (in) = e B4E, I,
Def due to SOL(in) = 0.382762525 ﬁ
If Uncracked ¢ 9
Def due to LL {in) = 031210534-'-1' 5“':LL1I '
3B4E.'L
&g
If Uncracked
(1) Release Multiplier (2) Erection Multiplier [3) Final
Camber 0.469 1.800 0.845 2.450 1.150]
Wsw -0.050 1.850 -0.092 2700 -0.135
wesd -0.383 3.000 -1.148
wil -0.312
0.370 -0.445
Total Deflection 0.815
Connection Design Corbel Design
Ty (ksi) = i @ 0.75
fys (ksi) = . a 10
Wi [k/F) = 220075 W, = L2(SW +DL) + 1.6LL N -
Vu (k] = 3206 Wy XL d 7
Mu (k) = 412 T T 5 =0.2xV, As {in*2) 5699555556
Lambda = 1 As' [in"2) 6.651124952
Critical As (in*2) 6.651124852
Use # BARS & #10
762
Ah {in"2) 2613118032,
Use # U BARS 3 #6
264
2/3d 11.33333333
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Appendix R: Alternative Design - Prestressed Inverted Tee Beam Zone C

Properties of Concrete

lic'psi)=

ltci(psij=

Density of Conrete (Ib/ft"3) =
Ec' =

Eci =

6500

5000

150 —
288773337 33 %< w !l 5\(.';;’

4286825748 33 > w15 [£°
~N

Rectangular Beam

Section Properties

H = (8.2 x 10 *)K. Fo (1 — 0.06V/5)(100 — RH)

Width,b {in) = 49
Height,h (in] = 30
Length (in) = 344
larea (in*2) = 1008 bxh
Inertia (in"4) = 74704 1 :
ch=ct (in) = 13.66666667 ‘1_7M ct=
Section Modulus,Sb (in3) = 5466.146341 _ﬁﬂ'l “ st=
[volume/Surface (in) = 7.2 !
Prestress Losses
Elasti
Kes= 1
Kcir= 09
e (in)= . 7
Msw (k-in)= W, > L7 12943
s F—=F P, Pe?\ M,e
ltcir {psi)= 1703.618441 eir = K\ o7 +—— | =
AS I‘? [F
ES(psil= g5 11326.1253
Shrinkage of Concrete
Ksh= 1
Relative Humidity (RH) = 75 Design Aid 4.11.12
SH ipsi) = 3318.54

TOTAL LOSS (PSI)= 25208.74868
1066.281046
Critical Stress Calculations
Fse = (0.7 x fpu) ksi 189

TI= (Transfer Length -in) =

34 Design Aid 15.3.4

Ps forces after losses

13.33796227

Properties of Prestressing Steel

fou (ksi) = 270
Number of Strands = 30
Aps (in*2) = 0.217
Eps (psi) = 285607 0.7 = A__ = #of strands * £,
Pi (k) = 1230.39
Loads
Live Load (k/f)= 3
Dead Load (k/ff) = 9.19791667|
S=if Weight (k/ft) = 1.05
16.33333333
4573.714286
Creep of Concrete
Ker= 2
MdI (kp-in) = 11337.9653
T -—
feds (ps: 1062.40304 [l _— 7 _— S il
CR (psi) = 7477.75602 il B
— - PSS
CR = Ken (225) Ueim — foad
s

Relaxation of Tendons

Kre= 5000 From Table 5.7.1

L 0.04 From Table 5.7.1
tpi=Pi/Aps 189

fpiffpu 0.7

= 0.75 Table 5.7.2

RE (psi) = 308632736 RE = [Koo

— J(ES + CR + SH)IC

Transfer @ Release
Msw,T (k-inj=
feir(ksi)=

EST (ksi)=

Loss EST (k)
Poilk}=

WL, > T,
461125 = LE
1781689561 =
11.84516364

(Es,>=aAa__
P, — ES .

77.11201531
1153.277985

XL —Ty) =12

> #of strands)

Midspan @ Release

Msw, M (k-in)= 1294.3
ESm (ksi)= 11.3261253
Loss ESM (k) 73.73307569 ESpr > Aps > Fof strands
Poz{k)= 1156.656924
Midspan @ Service
Msw (k-inj= 12943
WsOL (k-in)= 11337.96528|
WILL (k-in)= 3638
Po(k)= 1107.351
Transfer @ Release Midspan @ Release Midspan @ Service
=*+=units are in psi*=*** T ft b fr b it
Po/A 1144124985 1144124985 1147.477107 1147.477107 1098.5625 1098.5625
Po.efS 1476.898968 -1765.074377 1481.226071 -1481.226071 d 1418.084427 -1418.08443
Msw/S -84.3601637 100.8206834 -136.7847326 236.7847326 -236.7847326 236.784733
Msdl/S ] o 0 ] -2074.215465 2074.21547
MIIfS 0 0 0 0 -676.5278075 676.527808
Total 2536.66379 -520.1287086 2351.918446 -06.96423115 -470.8810791 2668.00608
PCI Limits 3500 -530.3300859 3500 -530.3300859 -604.6693311 4550 i)
Limit Check In Limits Class U In Limits Class U Class U In Limits
. . Pgzel®
Deflection Calculations
- EE{?Ig Sw, _Lv’
Camber (in)= 0.373981236 W
Def due to SW (in) = 000810678 L,3845f;f-,-
Def due to SDL {in) = 0.382762525) — 22—
If Uncracked 3B4E. T,

Defdusto LL{in) =

0.124842137] 5wy, L*

384E'I,
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If Uncracked

(1) Release Multiplier (2) Erection Multiplier (3) Final
Camber 0.374 1.800 0.673 2.450 0.916|
wWswW -0.050 1.850 -0.092 2.700 -0.135
wsd -0.383 3.000 -1.148
wll -0.125
0.158 -0.431
Total Deflection 0.690
Connection Design
fy (ksi) = 60
fys (ksi) = ]
wu (k/f) = 17.0975s Wy = 12(SW +DL) + 16LL
Vu (k) = 320.6 . Wy X L
Mu (k] = ga12 W= 3 Ny =02xV,
Lambda = 1
Corbel Design
1] 075
a 10
h 20
d 17
|A5 [in~2) 5.699555556
As' [In*2) 6.651124952
Critical As (in®2) £.651124852
Use # BARS & #10
762
Ah (in™2) 2613118032
Use # U BARS 3#b
264
2/3d 11.33333333
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Appendix S: Alternative Design - Prestressed Column Design

Lateral Load Calc Factored - Load Combination 2
LL (psf) 250 400
DL (psf) 341.55972 409 9166667
3 (psf) 42 1
Tributary Area (ft2) 500 900
Axial Load (P) (kips) 5324375 728925
g - eccentricity {in) 14
Mu 1020.455
Column Size: 14 in dia. FM FP
Concrete F'c: 6000 psi (in-kip) (kip)
Rebar fy: 60,000 psi Max Cap 1317 828
BARS: 4-#8 0% fy 2029 644
25% fy 2248 542
50% fy 2351 462
Design Pu: 728.925 kip 100% fy 2434 340
Design Mu: 1020495  in-kip 0.1 fcAg 1752 154

Zero Axial 1138

900

CRSI Column Interaction Curve

300

700

G500

FP (kip)

400

N

300

200

100

/

]

0 500

1000

1500 2000 23500 3000
FM (in-kip)
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Appendix T: Alternative Design - Foundation Check

Weight Calculation of Original Bay

Typical Bay . . . . . . .
Element Size Dimensions Unit Quantity Weight Unit
Steel Beam W18x40 30.00 LF 4 4800.00 Ibs
Steel W27x84 30.00 LF 2 5040.00 lbs
Girder
Steel
Column + W14x233 8.50 LF 1 4247.17 Ibs
Encasing
Composite 5" slab on 3"
Metal Metal Decking 900.00 SF 1 58464.00 Ibs
Decking 2.46 psf
Total: 72551.17 Ibs
Weight Calculation of Alternative Prestressed Concrete Design
Alternative .
Bay Length (ft) Self(:}lf(:;ght Weight Quantity Total Weight Unit
Element
Double Tee 30.00 1.22 36718.75 2 73437.50 Ibs
'”‘fg{:ed 28.67 1.05 30100.00 1 30100.00 Ibs
Column 8.50 216.98 1844.35 1 1844.35 Ibs
Total: 105381.85 Ibs
. . . Designed
Original it:el Typical Prestressed
y Concrete Bay
Weight of the Bay (lbs)
72551.17 105381.85
Foundation Strength Ratio
(Ibs/ft"3) 39.48 57.35
Footing Details
Footing 21.0 20 - #10
Length (in) 252.00
Width (in) 252.00
Depth (in) 50.00
Volume of the Foundation (CF) 1837.50
Soil Beraing Capacity (tsf) 2.00
Total Soil Capacity 882.00
Loading (lbs) 41562.50
Loading (tons) 20.78
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Appendix U: Alternative Design - Formula Sheets

Section Pepates

Ag= b xln Tapeocd = Ay =

Cs * C ) n
- Ag
2
Ce=h-09 Trapesod - fﬁc = h(2a41)
Sb=Iy Sc-Fy _—
(.p -C,C
1:5 = (.\i b\«3 ‘e‘dnﬁu\(r

I g = n 5(& 1#Lub +v 2) ’ga}]cw.y\
\%
Se( o+ b)

14 .5 Li+Aileg-y)?

" o= N

Pesimeter”
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Co\w\c\hg‘\_’g‘ﬂmgg Lonse
'q Elasti . Swhorten ¥ of (ontrtte (ES)
@ ES = Kes E_EL.F(./
L EC)

1
B Eci = 3% wie® o |
e

@,’.4(\( = Kt Kz_‘,. -+ P‘ e'_z_.)»- N\a,e,
o4 S Ly

G Pi- 0.3 ( # of steonds % Aps x Fps)
_Lh kT Pgxwié

@ MJ = Msw = NSN L ek o

g
.’2) Creep of (encrete ((R)
R = Kcrz ( ) (fie -\‘c¢Ls)

C(" 33 WL\S ( '

Pdee Melie, ke SIEESLE Ak
5
3)‘9"("’\\‘036 of (sn(refc (SH) [\:fbﬁl"

"Gl = (8.2 x10" *»)m. Eps (1-00k L) (100~ L)

4) Relowahen of Teedens (RE)
RE = €EKRag-J L5 PELEAE ) €l

Total Loss- ‘TL§ £+ (L1451t RE

wag Fe
3@0:: f:?os:,:% Po =P - (T x Whseonds « ﬂ?s)

i 100
P, X 100-Y = 2°0 Loss
o B .

Is:\’
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Cal(.u\a‘hg Crihea | gjff&)

@) Teansfer @ Release " @ Midspen @ Release.
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Appendix V: Alternative Design - Conference Call with David from Old Castle Precast

1/20/2015
David,

Thanks again for scheduling a conference call with us tomorrow—we are sure it will prove invaluable to
our project.

This document will give you an overview of our project, our design goals, our concerns, and our
questions.

Overview

Our project is concerned with the study and analysis of the construction and design of an underground
parking garage in downtown Worcester. The garage is fit for +500 cars and is split up into two connected
sections: a “hotel section” over which a 6-story hotel will be built on in the future and a “ballpark
section” with lighter loading coming from a green area/park on top of it. The General Contractor for the
project is Consigli Construction, who has generously incorporated us into their team and provided
access to all construction and project documents.

[TRTRTITIN I

Figure 1: Underground Garage Layout

Our focus is the “ballpark section” which features a more repetitive steel bay design which is more
suitable for our alternative prestressed concrete bay design. This is depicted above in Figure 1.
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Design Goals

Our goal is to design a structurally sound and feasible alternative solution in prestressed concrete to the
typical steel bay we have identified for the “ballpark section”. The typical steel bay can be found in
Figure 2.
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Figure 2: Typical Steel Bay Design

The design requirements we want to meet for our alternative solution include:

e Maintaining a 30ft x 30ft Bay size

e Maintaining a 8’-6” design height

e Maintaining column size so as to retain same number of parking spots and maneuverability
e Maintaining column locations

The alternative design would be able to support its self-weight and the loading parameters given by the
construction documents. The design calculations we have done so far can be found in the excel file titled
“MQP Design Calculations” which includes the loading, double tee beam, inverted T beam and
connection calculations. Our alternative solution features prestressed double tee beams acting as floor
slabs, prestressed inverted tees as girders supporting the dapped-end double tees, and prestressed
columns supporting the inverted tees with a corbel connection. This is illustrated in Figure 3 below.

DOUBLE TEE

DAPPED END ||
COMMECTION |

Figure 3: Visualization of Alternative Design
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Questions and Concerns

Due to the self-driven nature of our project, all of the work we have completed so far in terms of

design was enabled by the knowledge we gained from a 7-week full undergraduate course on

prestressed concrete design. Even as the course was extremely beneficial and pointed us to valuable
resources such as PCl Manual and publications, we believe we need guidance from a professional in

the field with a high level of expertise. The points we want to address in our conference call tomorrow

1/21/2014 are listed below:

1. Design Concern: Column Design.

Given our class did not involve in-depth column design, we are not confident in which steps
to take in order to design a suitable prestressed column for our Inverted tee beams and
loadings. We hope to get the necessary tools such as excel sheets or software that can help

us come up with a design.

2. Design Concern: Foundation Check

After completing a column design and having a structurally sound full bay design, how
would you suggest we check whether the original spread footings will be able to support

our alternative prestressed design?

3. Software with Visual and Structural Functionalities

Is there any software you would suggest that would be able to verify our design calculations

for our members (double tee, inverted tee, and columns) and/or would provide a 3D
visualization of our alternative design.

4. Cost Estimating for Alternative Design

Once we have a completed alternative design, would you be able to provide us with rough

estimates for the production costs of our alternative bay design? We tried to select members

that resembles the dimensions of common designs featured in the PCI Manual in hopes of

reducing the hypothetical production cost.

5. Sustainability: Embodied Energy

Our project also features a comparison between the sustainability of the original steel design

and our alternative prestressed design. One metric we will use is Embodied Energy meaning
the total energy used for the extraction of the raw materials, transportation to factory,
processing and manufacturing, as well as transportation to site and construction. We have

already done research on this topic and have found energy measurements for most common

materials (steel, rebar, concrete, etc.), but we would like to know if you have data on this

kind of analysis for your plant’s production.

6. Sustainability: Maintenance

Another comparison we want to include are the difference in maintenance costs between a
traditional steel construction + cast-in-place concrete and prestressed construction. Do you

have any data or research on the life-cycle costs of these materials?
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We look forward to our conference call tomorrow and we again thank you for your time.
Sincerely,

-Jose Cueva and Saadet Nur Yilmaz

Jose & Saadet,
Attached information from our GotoMeeting this morning.

1. CRSI Column Tables & CRSI excel file for column design
2. Compare steel & precast weight for one bay. Precast will be heavier. Then propose
proportionate footing size increase if geotechnical engineer says the soil bearing capacity has
been exceeded.
3. Bentley Presto precast design software — images from Bentley web site and internet
PCl preliminary design tables for inverted tee beams & double tees
4. Precast cost = material component cost + trucking cost + field installation cost
Double tee = $10/SF (1 per load)
Column=S200/LF (2 perload) butonly1 perbay
InvT Beam = $225 /LF (2 per load)
Trucking = $900 / Load for example
Crane = $3000 per day + Crew = $7000 per day = $10,000 day (can erect 10 pcs precast per
day) $10,000/ 10 pcs =$1,000 field installation cost per piece
5. Sustainability
a) Replace 20% cement with fly ash (cement is 70% of total embodied energy per PCI
LCA “Life cycle analysis” study)
b) Minimize size of sections
c) Maximize pcs on truck loads and find local precaster to reduce transportation distance — fuel
use
d) Prefabrication — less construction waste on site
e) Precast —reuse metal formwork in plant
f) Casting in late spring & summer — no applied heat needed for curing
6. Maintenance — PCl Parking Structures Maintenance Manual
Steel structure requires repainting every few years

David Wan, P.E., LEED AP
Chief Engr | Oldcastle Precast | P: 518-767-0754 | C: 518-469-8862
123 CR 101 | Selkirk, NY | 12158
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Appendix W: Building Information Modeling and Its Benefits

The term building information modeling (BIM) has been present in the construction industry’s
vocabulary since 2002. When it was first introduced, industry analysts debated over the meaning of the
three letter acronym, but all agreed that this was the “next generation of design software” after
computer-aided design (CAD) (Smith, et. all. 2009). Autodesk, a world leader in 3D design software for
entertainment, natural resources, manufacturing, engineering, construction, and civil infrastructure,
defines BIM as an “intelligent model-based process that provides insight to help you plan, design,
construct, and manage buildings and infrastructure” (Autodesk, 2014). The key word to note in this
definition is “process”, for it qualifies BIM not as a product or a tool, but a sequence of actions that
involve participation from the different parties involved. The figure below shows a visual representation

of the information used on building information modelling.

BIM graphic showing various types of information being derived from a 3D model, e.g., plans, sections, etc., and component
information. (Smith, et. all. 2009)

A second definition for BIM from an academic standpoint defines it as a “project as well as
a process simulation”, thus emphasizing the visualization capabilities of the technology (Kymmel, 2008).
Creating a computer modelled construction process much like the real construction work is labor intensive
and rich in information. The planning process to create a comprehensive simulation requires the same
considerations the constructors at the field would be concerned about: time, space, cost, and scheduling.
Like the work it parallels, BIM modeling requires constant reevaluation and adaptation as conditions

change throughout the life of the project. This gives the interactive computer model relevance and
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accuracy as a projection that is weeks if not months ahead of the tangible construction work, thus
potentially resolving issues during construction before they materialize.

BIM models are most beneficial when created as both as a tool for coordination among all parties
involved (designers, construction managers, owner, subcontractor, and trades) and as a vehicle to
increase understanding on the intricacies of any project. When used as a medium through which all parties
further the understanding of their individual role and their role as team members in a largely coordinated
time-spanning effort, these computerized simulations represent the most accurate and detailed account
of the building, tower, or structure that is to be built. By having one master simulation that incorporates
all parties, sometimes referred to as a composite model, construction documents are more transparent,
detailed, and living than their predecessors in paper or in 2-D (Smith, 2009). Building this comprehensive
model is a unique opportunity in the construction process to become intimately familiar with the project
and all of its components.

The benefits of using BIM technology in construction projects come through the facilitation of
updated information to all parties, reduced field coordination problems, more accurate construction
schedule, and multidimensional display of activities. According to an article published in the International
Journal of Project Management, “The most frequently reported benefit related to the cost reduction and
control through the project life cycle” along with time savings (Bryde, et. all. 2013). A case study on the
same publication reviewed 35 case studies which mentioned positive and negative benefits of the use of
BIM using success criteria related to the output of the project, including meeting time, cost and quality
objectives and also objectives related to the management of the process, such as effective scope
management and communications. (Bryde, et. all. 2013) The table below summarizes its findings in terms

of percentages.

Positive benefit Negative benefit
Total Total number|% of total Total Total number (% of total
Success criterion instances of projects |projects instances  |of projects  |projects
Cost reduction or control 29 21 60.00% 3 2 5.71%
Time reduction or control 17 12 34.29% 4 3 8.57%
Communication improvement 15 13 37.14% 0 0 0.00%
Coordination improvement 14 12 34.29% 7 3 8.57%
Quality increase or control 13 12 34.29% 0 0 0.00%
Negative risk reduction 8 6 17.14% 2 1 2.86%
Scope clarification 3 3 8.57% 0 0 0.00%
Organization improvement 2 2 5.71% 2 2 5.71%
Software issues 0 0 0.00% 9 7 20.00%

BIM Success Case Study Data (Bryde, et. all. 2013)
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The success criterion of this case study highlights the benefits of BIM in construction project while
indicating which benefits are most prominent. A direct comparison between the percentages of total
projects that positively benefited from BIM against the percentage of total projects that experienced

negative benefits stresses the value of this technology and its main areas of provided improvement.
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Appendix X: Double Tee Beam Deflections

Summary Report

Concise Beam, Yersion 4.39%, Copyright 2002-2014 a8lack Mint Software, Inc.
L1c;n=bd to: DEFAULT - EVALUATION USE OHLY

Froject:

Froblen:

SUMMARY REPDRT
Design Code Used: CS& A23.3-94

COKCRETE MATERIAL PROFPERTIES
Frecast Beam

EE.-"F"" Den;é:)- " IP': - Siﬂésg Thffral
ressive Strang c = 0 psi
Il:niu'lus||uf E'Iﬂst11':_1ty E_c = l.;ﬁ?ag psi
Strength at Transfer Tt o= 0 psi
Modulus of Elast. at Transfer Ec = 40694 psi
Elg:qgghu?:E'lLﬂ:-Emgt Lifting E::C - 4 gﬁlg E::
Cement Content = [:38 'II:I_.l’}'rI-"!! Construction Schedule
Air Content = 5.00% Age at Transfer = 0.75 days
= 1.%7 in Aje at Erection - 40 days
Aggregate Mix = 0.40 [fm: to total aggregate ratia) age at Cast-in-Flace Pour = 50 days
Aggregate Size = 0.79 1 Age Cast-in-Place is osite = 53 days
Basic shrinkage Strain = TE{] DO0E-6 age Construction is Complete = 143 days
curing Method = Moist
Relative Humidity 9n Service = 0 E
Ambient Temperature in Service = 20 deg C
FRECAST EEAM LAYDUT
| segment/Length | section Identification | offset |
IHDI FEI I ;o I L:It'l_gth I Falder I section I Section I z I X I
t t Nane Hame Type in in
I 1] 0.00] I0.00| 30.00] DoubleTes | DoubleTeePretopped | mbauble Tes | 0.00n| 0.0a|
Span Length at Transfer = 30,00 ft, centre of Supports, Left @ 0.00 ft, ht @ 30.00 ft
Span Length in Service = 30.00 ft, Centre of Supports, Left @ 0.00 ft, R1§t & 30.00 fr
Total Beam Length = 30.00 ft, Bearing Length, Left = 0.00 in, Right = 0.00 in
The cast-in-place pour, if defined, haz been turned off (not included).
GROSS PRECAST SECTION PROPERTIES (MOW-CODMPOSITED)
{based an Ec of the precast beam - transformed area of rebar and strand NOT included)
e, Section Properties section shear |valums section Maduli
| Hg | H:1ght |I h'?l‘lth | 'lln:ltll | 5urfﬂ|:|e|' | 5 4
| | inA2 | inAd | in | in | inA3 | inA3 |
| 1] 1175.0 | BSI38 | 27.38]| WW.00]  180.00] 17.50] 2.511 -3804 | 1173 |
UNCRACKED SECTIDN FROFPERTIES SUMBARY
Met Precast Section Transformed Precast Section | Transformed Precast Section
at_Transfer (based on Eu:1a) at Transfer (based on Eu:ig in service (based on Ec)
{1n|:llud= rebar, d:rluct stran (1r||:'|ud= rebar and strand {imclude rebar and strand)
x [ | [ 1 | A | 1 |
ft 1n-’l2 | mMi | in irlﬁ? | inad | ﬁ intl | inAd | in
0.00 1172 |I E47 | 12.43 1175 |I 85141 | 22.38 1175 | BE14] | 2.3
3.00 1181 84531 22 .46 120 85398 22.21 120 B3046 42.23
600 1181 | B4031 | 22.46 1205 | BR398 | 2.1 1202 | BRO46 | 22.23
JB oBR) g gl o owm) osn oEml om) 2n
1500 1181 |' 84831 | 12046 1705 |' 82398 | 32321 1202 | BB046 | 2.1
18.00 1181 | B4931 | 22.46 1205 | B8398 | 22.21 1202 | BRO4E | 22.73
21,00 1181 | 84931 | 22.46 1205 | Ba398 | 22.21 1202 | B304 | 22.23
24 .00 1181 84031 22 .46 1205 BRI98 22.21 1202 BED4E 22.23
Fr 1181 |' 840531 | 2246 1205 |' B85398 | 242.21 1202 | B3046 | 42.23
30.00 1172 | B4pAT | 22.42 1175 | B5141 | 22.38 1175 | B5141 | 22.3E

These section properties can used to calculate wncracked concrete stresses wsing the following guidelines.

Met Precast Section at Transfer properties are used with the initial prestress after transfer (after elastic shortening loss).
Transformed Precast Section at Trangfer properties are used with the precast beam self-weight.
Transformed Precast Section in Service properties are wsed with external loads applied to the non-composite precast beam.

PRESTRESSIMG STEEL TEMDONS

| o <t | offsets IEru:_ DF:EEI:_-& T}'E‘:| Tendaen [ Jacking qu‘?f' |
In0| gt Era [ Strand Size W L Right Area P U
| | ?I 3 F"EI [ e | o ™R W | W |
| 1] 18] 270.0] Lrs| O.6" {375 | [N IJ 0| Q.00 8| ©0.00 8| 3.472 | 656.2 | D.70]|
(| | I | | 30,00 10.50] | I [ | |

note: ¥ Type = Llls = Low-| Ib:'la.uul:l'un strand, SRS - Stress-Relieved Strand, PE - Flain Bar,
peformed B S‘H - 51na!: wWire
** End Types = l - Fu”y Bq:nrled - cut, & - anchored (fully developed)

Caleulated Losses: Initial = 5.1%, Final = 12.8%

Engineer: Comparny :
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Summary Report

Concise Beam, Yersion 4.59s, Copyright 2002-2014 8lack Mint Software, Inc.
L'ic;nsbd to: DEFAULT - EWALUATION USE OHLY

Froject:

Froblen:

Maximum Total Prestress Foroes: F_"{jal:l:irlg} =
Piltransfer

Feleffective) =

1
w1 EnEn

6.2 kip.
21.0 kip,
72.5 kip @ x = 15.00 ft,

See the "Development Length” text report for details of the strand transfer and development lengths

LOKRGITUDTHAL RETHFORCING STEEL

Reinforcing Steel Groups

|ID|aty| Steel | Bar | @ar [End Location & P | sar | | cross |verticall offset [
Grage Size | Area From |_ |_ To -T | Spg:'ingl |_ Spy:irlgl offset | Reference |_
ks inAZ ft ] ft L in in in

| 1] 30| [ D5 | 1.5 | 0.00]sEl 30.00]sE| GO0 | Mesh]| B.00] 2.00] Top af Precast Beam [

* End Types: SE - Straight Embeddment, FD - Fully Deweloped, SH - Standard Hook, HE - Headed Bar
** offsets are measured wp from the bottom or down from the top

See the "Development Length” text report for details of the bar and wire development lengths

SHEAR STIRRUFS

| |I | S.Hrrupl Stirrup Kumber of Legs Tatal Stirrup Area | Stirrup Spacing
From Ta Grade SiZe Stirrup |Interface stirrup | Interfac
| ft [ e | ksi | | in 8ean | Ties | inA2 | inA2 | in | in

| 0.0 30.00] 65.0] o4 | 21 [T} 0.08 | 0.00 | 10.00] 0.00]

TORSION FARAMETERS

Seg. Torsion Parameters

e B mo

(Y] 0.00 | 000 |

#aoh iz the area enclosed by the centerline of the cutermost closed transverse torsicnal reinforcement.
Fh i% the perimeter of the area defined as aoh.

FRECAST BEAM AMD CAST-TH-FLACE POUR SELF-WEIGHT

| Segment /Length | Linear weight |
| From Ta [ Bean | cast-in-Flace |
|mo. | ft | ft | kip/fe | kip/ft |

EXTERNALLY AFFLIED LOADS

| Load Case |Type| Label | Description [ Distribution |
[sOL BT I DO [Load ¥L [vertical: 2.3% kip/ft full Tength Tka Load oistribution]
| Sustain | L |Load #1 |vertical: 2.92 kip/ft full length Iwa Load oistribution|

Load combinations

Factored Combination 1 = 1.25D

Factored Combination 2 = 1.Z50 « 1.50L « 1.505R + 1.30F
Factored Combination 3 = 1.250 & 1.50w

Factored Combination 4 = 1.250 & 1.05L + 1.058R + L1.05F + 1.0%w
Factored Combination 8 =

AHALYSTE RESULTS SUMMARY - IN SERVICE

| I Total nfactored Moments] Total Factared Effects I

| 14 [ Tatal | Sustained | shear | I mament I | Torsion | |

| ft | kipfe | kipft | kip | [*]] kipfe [ [*]] kipft | [*]]

| D.Dﬂl. 0.0 |I 0.0 | 130.8 | 2 |I 0.0 |I 1 | 0.0 | 1 |
3.00 I59.0 159.0 104.7 2 353.3 2 0.0 1

| 6.00| 460.4 | 460.4 | TE.5 |[ 2] 628.0 I[ 2]1 0.0 |[ 111

| a.00| &04.2 | G04.2 | £2.3 |[ 2] 824.3 |[ 2] 0.0 |[ 111

| 1'.’.I}lvl]|I 694 5 |I 63, 5 | 6.2 | 2 |I a42.0 |I 2 | 0.0 | 1 |
15.00 719.3 719.3 0.0 1 9gl.3 2 0.0 1

| 18.00] &30.5 | G305 | -6.2 |[ 2]1 adz.0 I[ 2]1 0.0 |[ 111

| 21.000 a04.2 | G60d.2 | -52.3 |[ 2]l 824.3 |[ 2]1 0.0 | [ 111

| 21_Dﬂ|. 4604 |I d60. 4 | -TR.5 | 2 |I 628.0 |I 2 | 0.0 | 1 |
27.00 259.0 259.0 -104.7 2 353.3 2 0.0 1

| 30.00) 0.0 | 0.0 | -130.8 |[ 2] a.0 I[ 111 0.0 |[ 171

* Critical ULS Load Combination

Engineer:
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sSummary Report

Concise Beam, Wersion 4.39s%, Copyright 2002-2014 a8lack Mint Software, Inc.

Licensed to: DEFAULT - EWALUATION USE OHLY
Froject:
Froblem:

SUPPORT REACTIONS (kip)
{eove = upwards)

unfactored Support Reactions

| In Service

I During
| Load case | Left | Right | Left

Lifeing

[
mRight |

During Transport |
Left | Right |

1=

1B

R 18.4
33,

Beam wWeight
50L BT

s

CIF Weight
5DL AT

9
=

=i=T==Y == ey =T~

LL Sustain
i Loa

Constrct LL

15.4

15.4 15.4

5L5 Maximum 18.4
5LE Max DL
ELS Min DL

SLS Max Sus

Tl === T =TT R =T T

piiin| DDDDDDnDD W

=
o
L
L
SRS coococoliood

15.4

15.4 18.4

ULS Support Reactions
|Load Combo. |

Left [*11

£l

* critical Factored Load Combination

*11

Bl

Right
1308
a4.3

130.E
44.3

TULS ®Waximum]
|urs Winimum|

COKWCRETE STRESS RESULTS (UNCRACKED AHALYSIS)
{ave = compression, -ve = tension)

Limit

Pl

| rz |_ Stress |_

Locatian pEt

Overstress
Hotice

STRESSES AT TRAMSFER
critical Compression
Top of Beam | 1
Bottom of Beam |

12

1 3000
2347 |

3000

critical Tension
Top of B

-213
Bottom u?‘;mn |

5.dﬂ|_
0. 00 -4

#2__8%

STRESSES DURING INMITIAL LIFTING
Critical Compression

| 15.000 3000

o 3000

Top of EBean
Bottom of Eeam | 2.

critical Tension
Top of Bean
eottom of seam |

5.40]
0,000 r

-213
-4I6

2% 88

STRESSES DURIMG ERECTION LIFTIMG
Critical Compression

Top of Eean 15.00] 17 |
eottom of Eeam |

3900
3900

Critical Tension
Top of EBeanm
eottom of Eeam |

-243
21 -485

22 28

STRESSES IM SER
Critical Compression
Top of EBeam | 1
Bottom of Beam |
critical Tension

Top of Bean

Bottom of Beam |

3900
3900

-485
-485

5. 00 638 |
. 700 1433 |
0.0 o
0.0} ra

2% 28

STRESSES IN SERWICE (SUSTAIMED LOADS ONLY)
Critical Compression

Top of Beam | 15.000 63E |
eottom of Beam | 2.70| 1433 |

2975
2925

0%
0%

* Tensile stress limit in service is for a non-corresive environment.

eeyond thiz limit crack contral is required.
At Transfer
ModuTus of Rupture, fr = -511 psa

Strength Required for Transfer, f'e =
Strength Required for Initial Lifting, f'c =

Duri Liftin
-"g.'ll psig
MW11.6 psi (f'c specified =
39116 psi (F'c assumed -

Lengitudinal Tensile Rebar Meeded (inA2)
Required Provided Additional

Lengitudinal Tensile Rebar Meeded (inA2)
Required Provided Additional

Longitudinal Tensile rRebar Meeded (inA2)
Required Provided Additional

Mot cracked
Not cracked

For a corrosive environment halve the limit.

In Service
-5E83 psi
5000 psid
5000 psi)

CRACKE CONTROL
{ave = tension, -ve = compression)

Beam not cracked, cracking is controlled, or crack depth is less than concrete cover.

DEFLECTION ESTIMATE AT ALL STAGES

Engineer:
File: Double Tee-concisedesign.con
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Summary Report

concise Beam, version 4.39s, Copyright 2002-2014 8lack mint Software, Inc.
L'ic;n:.bd to: DEFAULT - EVALUATION USE OHLY

Project:

Problen:

Design Code Used: C5& A23.3-94

a. Deflections at A1l Stages
{-we = deflection down, +ve = camber up)

ket peflection Change in Deflectian
Location Ket @ Het @ Met @ Met DL et Total| DL growth LL span/Deflection
= Transfer | Erection |Completion| @ Fimal 2 Final 4 LL alens oL gn:mthl LL
ft in in in in in in in & LL alone
column A B C o E E-C E-D ]
0.0 0. 000 0. 000 0,000 0,000 0. 000 ['B 0.000 1 []
3.0 0.103 0.151 0.181 0.022 0.022 -0.159 0.000 2263 I [1]
6 .00 0.1E3 0. 266 0.317 0.0L4 0.0L4 -0 0.000 1187 @
9.00 0.239 0.343 0.40% ~0.008 -0.008 -0.417 0.000 862 | [}
12 .00 0.272 0.388 0.481 -0.029 -0.029 -0.430 0.000 734 | @
15.00 0. 283 0.403 0.47% -0.036 -0.036 -0.51% 0.000 608 I [1]
13.00 0.272 0.388 0.461 -0.02%9 -0.029 -0.430 0.000 T34 @
21 .0 0.239 0. 343 0.40% -0. 008 -0.008 -0.417 0.000 BE2 | [1]
24 .00 0.1E3 0. 266 0.317 0.0L4 0.0L4 -0.303 0.000 1187 | @
27 .0 0. 103 0.151 0.181 0.022 0.022 -0.159 0.000 2263 I [1]
3000 0. 00 0. 000 0,000 0,000 . 000 R 0.000 @

Col. A: Wet deflection at transfer includes prestressing and beam weight on tu?qmrﬂeiomports. N
Col. B: Net deflection at erection includes prestressing and all dead loads applied re the cast-in-place
pour plus 'Ion?{tile deflection growth of the prestressing and beam weight up to erection
col. C: Met deflection at completion of constructien includes prestressing and all dead loads
Tus Tong-time deflection growth of the prestressing and dead Toad up to completion .
col. D: MNet DL deflection at™ final includes prestressing, all dead loads, and sustained Tiwe Toads,.
Tuz Tong-time deflection growth.
. E: Net total deflection at final includes prestressing, all dead Toads, and all Tive Toads,
plus Tong-time deflection growth.

Live Toad includes roof load, and Fluid weight. wind and earthquake are not included.

peflection growth is estimated by wse of the PCI suggested multipliers - see the Deflection Multipliers report.
Span/pDeflection Limits: oL growth « LL = L / 480 for non-strectural attachments
J 0 otherwise

£ 360 For Floors

S 180 for roofs

LL alone =

Il alal ol

SUFPORT ROTATIONS, ANMD CHAWGE OF LENGTH AT ALL STAGES
Design Code Used: CSa A23.3-94

B. Unrestrained BllpE:rt Rotations at All Stages
{-we = counter-clackwise rotation, sve = clockwize rotation)

Het Rotation Change Tn Rotation
Support Maet @ 1 wet @ | Ket @ | Met DL | wet Total oL growth | LL
Location Transfer | Erection | Completion | & Final | & Final 4 LL ] alone
degrees I degress degrees degrees degress degress degraas
Column A E [ [+] E E-C E-D
| Left | -0 067 | =9.0100 | -9.0120 | -0.0019 | -0.0019 | 0.0101 | 0.0000 |
| Rright | 00067 | 0.0100 | 0.0120 | 0.0019 | 0.0019 | -0.0101 | 0.0000 |

C. Unrestrained Longitudinal Change of Length Dus to Creep and Shrinkage
{-we = shortening, #ve = elongation)

Elastic shortening = -0.0425 in

| I Total Change of I.:ngth %a.ﬁ;er elastic_shortening) i fference in Change I
| Erection |Completion| Final | to Compl.| te Final | t0 Final
| 1 | in | in | in 1 | in | in | in |
| | | E | c | o I | €-8 | p-c | pD-8B |
[ Cresp | [ -O.0EGL] -0 - TR [ -0. 03] -0 40T -0.0538]
| shrink.| | -0.0786] -0.1271] -0. 18601 | -0 . 0485 | -0.0589| -0.1074|
| Tatal | | -0.1047] -D.1666| -0.2659] | -0.061%| -0.0993| -0.1812]
FLEXURAL DESIGM CHECK
Design Code Used: CS& A23.3-94
B used: for precast beam = 0.858
a wied: for precast beam - 0.783
Material Resistance Factors used: precast crete = 0,65
cast-in-place concrete = 0.60
reinforcing steel = 0.85
prestressing steel = 0.90
Modulus of Rupture of Precast Concrete, fr = SB3 psi  (tension)
Factored Provided cracking M mum pepth in Compression| Notes &
IIGFM: Resistance Homent Required compression| Depth Ratio| Warnings
= Mr MCr Resistance = cid
ft kipft kipfe kipft kipft in
0.0 0. 185.3 0.0 0.04 0,002
3.00 353.3 EBl6.4 033 471.0 1.16 0.060
6.00 628.0 110l.3 923.9 B37.3 1.47 0.075
9.0 B24.3 1796.9 93IR.7 1099.0 1.65 0085
12 .0 a42.0 1266.9 947 .5 1137.0 1.65 0,085
15D 9El.3 1256.9 50,5 1140.6 1.65 0,085
15,00 942.0 1256.9 947 .5 1137.0 1.65 0,085
21 .0 824.3 1396.9 93IB.7 1099.0 1.65 0.085
Engineer: Company ;
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Summary Report

Cancise Beam, Verszion 4.59:, Copyright 2002-2014 8lack mint Software, Inc.
Licensed to: DEFAULT - EWALUATION USE DMLY

F'rnglect:
Froblem:
| 24 .00 628.0 |I 11013 913.9 B3T.3 1.47 0.075 |I
27 .00 353.3 El6.4 03,3 47L.0 1.16 0. 060
| 30.00( 0.0 | 0.8 | 185.3 | 0.0 | o.04 | 0.002 | |
Points of Maximum and Minimum Factaored Moment
| 15.000 9B1.3 | 1296.9 | 950.5 | 1140.6 | 1.65 | 0.0B5 | |
| 0.00| a.0 | -0.4 | 542.3 | 0.0 | 0.03 | 0.001 | |
Foints of Maximum Ratio of Factored Moment to Frovided Resistance
| 15.00 9g1.1 1786.9 950.5% 1140.6 1.65 0.08S |I
0.00 0.0 -0.4 542.3 0.0 0.03 0,001
Foints of Maximum Ratic of Minimun Resistance to Provided Resistance
| 15.000 9BL.3 | 1286.9 | 950.5 | 1140.8 | 1.65 | 0.0B5 | |
| 0.001 0.0 | -0.4 | 542.3 | 0.0 | 0.03 | 0.001 | |
SHEAR DESIGH CTHECK
Design Code Used: CSA A23.3-94
Design Prestress| Concrete | Resistance Provided [Min, Resistance Req'd Notes &
shear component |Resistance | Stirrups | Tatal stirrups | Tota wWarnings
E Wi Wi WE | WE W | W
ft kip kip kip kip | kip kip | kip
0.00 119.9 0.0 119.4 11.9 | 131.3 231.4 | 142 .8 5
3.00 104.7 0.0 154.5 9.5 | 164.1 18.7 | 173.2
.00 78.5 0.0 107.8 9.5 | 117.3 18.7 | 126.5
9.00 52.3 0.0 £2.6 9.3 Ti.1 18.7 gl.3
12.00 26.2 0.0 4.6 a.5 | 0.1 18.7 | 59.3
15.00 0.0 0.0 40.6 9.5 | 0.1 0.0 | 40.6
18.00 -26.2 0.0 -40.6 -2.5 | -50.1 -18.7 | -50.3
21.00 -5k.3 0.0 -62.6 -3.5 | =T1.1 -18.7 | -Bl.3
24 .00 -T8.5 0.0 -107.8 -9.5% =117.3 -18.7 -126.5
27 .00 -104.7 0.0 -154.5 -9.5 | -le4.1 -18.7 | -173.2
30.00 -119.9 0.0 -119.4 -11.9 | -131.3 -33.4 | -142.8 5
Motes & warnings
5 - Mote: Design shear force Timited to critical section near support.
TORSIOK DESTGM CHECK
Design Code Used: CSA A23.3-94
Design Threshald combined Shear Torsion Resistance Motes &
Torsion Torsian and Torsion Provided | Required warnings
= T;r;d Stress Limit | TF, Tr | Tr
ft kipft kipft psi psi kipft kipfe
0.00 0.0 15.5 [l o 0.0 | 0.0 F]
3.00 0.0 5.4 o | o 0.0 | 0.0
6.00 0.0 25.6 o o 0.0 0.0
9.00 0.0 5.8 o o 0.0 | 0.0
12.00 0.0 25.9 o o 0.0 | 0.0
15.00 0.0 5.9 o | o 0.0 | 0.0
18.00 0.0 5.9 0 ] 0.0 0.0
21.00 0.0 5.8 0| ] 0.0 | 0.0
24 .00 0.0 5.6 o o 0.0 | 0.0
27.00 0.0 5.4 o | o 0.0 | 0.0
30.00 0.0 15.5 o o 0.0 0.0 z
Motes & warnings
2 - Note: Design torsion force Timited to critical section near support.
SHEAR/TORSION TRAMSWERSE REINFORCIMG DESIGN CHECK
Design Code Used: CSA A23.3-94
shear_Stee] Required |Shear Steel| Stirrup Stirrup Spacing additional Long. Stesl Notes &
Tata Tarsion® Provided Frovided Fmﬂ'd:llpl Requlred for Torsian, A Warnings
E (e 28E) M5 Atfs A fE AvelAt H % Total |Reduct ion®¥
ft inAZfFe inAal fft inaZffe inhZ in | in inaz | inA
[ 019 [N 0. 10 0.CH I0.00 T LI 1] 000 ] [ 3
3.00 0.19 0.00 0.10 0.08 10.00 | 5.10 .00 | 000 | 12
6.00 0.19 0.00 0.10 0.08 10,000 | 5.10 0.00 | 000 | 12
9.00 o.19 0.00 0.10 0.08 10,00 | 5.10 0.00 | o000 | 12
12.00 0.19 0.00 0.10 0.08 10,00 5.10 0.00 000 | 12
15.00 0.00 0.00 0.10 0.08 10,000 | 15.12 0.00 | 0.00
18.00 0.19 0.00 0.10 0.08 10,000 | 5.10 0.00 | 000 | 12
21.00 0.19 0.00 0.10 0.08 10,000 | 5.10 0.00 | 000 | 12
24 .00 0.19 0.00 0.10 0.08 10,00 | 5.10 0.00 | 000 | 12
27 .00 0.19 0.00 0.10 0.08 10,00 5.10 0.00 000 | 12
30.00 o.19 0.00 0.10 0.08 10.00 | 5.10 o.0oo | 000 | 12 5
Motes & wWarnings
1 - WARMIKG: The shear stirrup spacing is too wide.
2 - Note: ampunt of shear steel required represents minimum code reguirements.
5 - Mote: Design torsion ferce Timited to critical section near support.
Note: additional 'Ior|g= steel in compression side of section_has been reduced. )
* partion of the total sEirrup area required to resist torsional shear flow (one leg around periphery).

** The allowable reduction in Al within the flexural compression zone.

Engineer:
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Appendix Y: Inverted Tee Beam Deflections

Summary Report

concise Beam, version 4.59%, Copyright 2002-2014 8lack mint software, Inc.
Licensed to: DEFAULT - EVALUATION USE DNLY

Froject:

Problen:

SUMMARY REPDRT
Design Code Used: CSA A23.3-04

CORCRETE MATERTAL PROPERTIES
Precast Eeam

Concrete Density Wt = 150  Thyfeal
Compressive Strength e = 6500.0 psi
Modulus of Elasticity Ex = 4. 4%0e+f  psi
strength at Transfer f'c = S000.0 psi
Modulus of Elast. at Transfer Ec = 4. 0696 psi
Strength at Lifting f'c = S000.0  psi
Modulos of Elast. &t Lifring Ec = 4. 069e+6  psi
Cement Content = 691 Th/ydAd construction Schedule
Ajr Content = 5.00% Age at Transf = 0.75 days
51 = 1.97 in Age at Erection - 40 days
Aggregate Mix = (.40 (Fine to total aggregate ratiol Age at Cast-in-Place Pour - 50 days
aggregate Size = 0.73 in Age Cast-in-Place is osite = 53 days
Basic shrinkage strain = 780.000E-6 Age Construction is Complete = 143 days
curing Method = Moist
Relative Humidity in Service = Pl
anbient Temperature in Service = 20 deg ©
PRECAST BEAM LANDUT
] Segment/Length I section Identification [ offset ]
|Ma| From | To | Length | Falder [ section | Section [ z ] v |
[ ft | ft | ft | LR [ Mane 1] [ in | in |
(Y] 0.00]  ZB.67| 2B.67| Inverted-Tee MQF [ 2BITI4 | Inverted Tee | 0.0 0.00]
Span Length at Transfer = 2&.67 fr. centre of Supports, Lefe @ 0.00 fr, Right @ 2&.67 ft
Span Length in Service = 28.67 ft, centre of Supports, Left @ 0.00 fe, Rfit & 2E.67 fr
Total Beam Length = 2B.67 ft, Bearing Length, Left = 0.00 in, Right = ©0.00 in
The cast-in-place pour, if defined, has been turned off (not included).
GROS5S PRECAST SECTION FROPERTIES (NOK-COMPOSITE)
(based an Ec af the precast beam - transformed area of rebar and strand NOT included)
Seg. Section Properties Section| Section| Shear |volume section moduli
| Ng| A | I | | H::;ght h'%llth | wWidth Surl'unil' sh | 5t
| | inaZ | inAd | in | in [ inm | in | in [ inAd | inAZ I
I 1] 1008.0 | 74T04 | 13.67] 30.001 40,00  28.00| 7.201 -5485 | 4575 |
UNCRACKED SECTION PROPERTIES SUMMARY
Net Precast Section Transformed Precast Section | Transformed Precast Section
at Transfer (based on Ecia) at Transfer (based on Ecig in Service (based on Ec
Cinclude rebar,deduct stran Cinclude rebar and strand Cinclude rebar and strand)
= A 1 I | A 1 I | yb A | I |
ft insZ | inad | in inkZ | inAd | in imt2 | inAd | in
0.0 EE |I 417 | 13.75 1008 |I 74711 | 13.67 1008 | T4T10 | 13.67
.87 1015 77551 13.93 1085 1704 13.47 1077 BO945 13.49
5.73 1015 | 77551 | 13.99 1oas | B1704 | 13.47 1077 | BO0945 | 13.49
.60 1015 | 77551 | 13.99 1085 | B1704 | 13.47 1077 | BO945 | 13,49
11.47 1015 | 77551 | 13.99 1085 |_ B1704 | 13.47 1077 | 80945 | 13.49
14.33 1015 77551 13.593 1085 B1704 13.47 1077 BO945 13.49
17.20 1015 | 77551 | 13.99 1085 | Blro4 | 13.47 177 | BO945 | 13.49
20.07 1015 | 77551 | 13.99 1oas | B1r04 | 13.47 1077 | BO945 | 13.49
2z2.93 1015 | 77351 | 13.99 1085 |_ B1704 | 13.47 1077 | BO945 | 13.49
5.80 1015 77551 13.99 1085 81704 13.47 1077 BO945 13.49
28.67 998 | 74127 | 13.75 1008 | 74711 | 13.67 1008 | T4TID | 13.67

These section properties can used to calculate wncracked concrete stresses using the following guidelines.

Met Precast Section at Transfer properties are wsed with the initial prestress after transfer (after elastic shortening Toss).

Transformed Precast Section gt Trangfer properties are used with the precast beam i.;'lfﬂi . N
Transformed Precast Section in Service properties are used with external Toads applied to the non-composite precast beam.

PRESTRESSING STEEL TENDINS

[ | [ | i s | offsets IEm:_ DF:'azt_& T)'EE'I Tendon | Jacking Far;n:_ |
In| gt Gra @ Strand Size n Le Right Area F n
| | )‘l k:?e }TFE | | fr f; | Ft | #;_: |I ina2 |' k'}p | " |
| 1] 45| 270.0] wRs| 0.6" (3/5) | 0. 00| .00 Q.00 B| ©.00 8] 9.765 | 1845.6 | D.70]
| I | | 28.67] 6.00]| | [ [ | |

note: * Type = LRS - Low-Relaxation Strand, SRS - Stress-Relieved Strand, PE - Flain Bar,
o8 - peformed Bar, Sw - Single wire
** End Types = B - Fully Bonded, D - Debonged, C - Cut, A - anchored (fully developed)

Calculated Losses: Initial = L1.3%, Firal = 22.6%

Engineer:

Company:
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Summary Report

Cancise Beam, Version 4.39z, Copyright 2002-2014 8lack Mint Software, Inc.
Llcgﬂ!.bd ta: DEFAULT - EVALUATION USE OHLY

Project:

roblen:

Maximum Total Prestress Forces: P {Ja:kmg} - 1B45.6 kips
i itnm;F:r 1637.2 kip,
Fef{effective) = 1427.6 kip @ x = 14.33 ft,

See the "Development Length” text report for details of the strand transfer and development Tengths

LORGITUDTRAL RETINFORCING STEEL

Reinforcing Steel Groups

|ID|qty| Steel | Bar ] Bar |End Location & pe | Bar | Crass |verticall offiet ¥v ]
| Grage size | Areg From |_ |_ 10 TT |_ Spacing |_ Spp:mgl offset | reference |

ks inAZ ft o] ft w in
| 1] 14 65 | Wzl | 2.8 | 0.00]sE] 28.67sE| 4,00 Mesh] 4.00] 2.00]  Top of Precast Beam |

* eEnd Types: 5E - Straight Embeddment, FD - Fully peweloped, SH - Standard Hook, HE - Headed Bar
% of feets are measured up from the bottom or down from the top

See the "Development Length” text report for details of the bar and wire development lengths

SHEAR STIRRUFS

stirrup| stirrup sumber of Legs Total Stirrup Arga Stirrup spaci
| From |' Ta | Grade Fll EiZe Stirrup |Interface St?rrup | Iﬁter ace | Et?rmppllmerﬁca
| ft | ft | ksi | | in Beam | Ties | inA2 | | in |
| 0.0 28.67| B5.0] w20 | 2] [i] 0.40 | [ 12.00] 0.00]

TORSION PARAMETERS

Seg. Torsion Parameters

el I oo

[ [N 0.00 |

aoh is the area enclosed by the centerline of the outermost closed transverse torsional reinforcement.
Ph i% the perimeter of the area defined as sah.

PRECAST EEAM AND CAST-IN-FLACE POUR SELF-WEIGHT

[ Segment/Length | Linear weight [
| | From | Ta | Baam | cast-in-Place |
|Ma. | ft | ft | kip/fe | kip/ft |
[ 10 [ JB. 671 TN 00000 |

EXTERNALLY AFFLIED LOADS

| Load cCase |Type| Label ] Description [ Distribution ]
[SDL BT I 0 [Deadload [vertical: 4.7 Kip/ft Full Tength TRa Load Distribution]
ILL sustain | L [riveload Ivertical: 2.92 kip/ft full Tength Iwa Load pistribution]|

Load Combinations

Factored Combination 1 = 1.400

Factored Combination 2 = 1.250 & 1.50L & 0.50SR « 1.50F
Factored Combination 3 = 1.250 « 1.530L « 1.50F « D.40w

Factored Combination 4 = 1.250 & 0.50L + 1.50sR + 0.50F
Factored Combination & = 1.000 & 0.50L + 0.255R + 0.50F + 1.00E

ANALYSTS RESULTS SUMMARY - IN SERVICE

[ | Total unfactored Moments| Total Factored Effects [
| x| Tatal | sustained | shear | | moment | | Torsion | |
I ft | kipft | kipfr | kip | [*1]  kipft | [*]1]  kipft | [*1]
0. 00 0.0 0.0 165.8 F 0.0 1 0.0 1
| 2.Ei‘|' 305 | 320.% | 132.6 | 2 |' 42?.?" 2 | 0.0 | 1 |
| 5.73] 569.9 | 569.9 | 99.5 |[ 2]1 Te0.3 I[ 2]1 0.0 |[ 1)
| B.60| T47.9 | 747.9 | 66.3 |[ 2]I 997.9 I[ 2]1 0.0 |0 131
| 1.'I..lii|‘|I B54.8 | B54.8 | 33.2 | 2 |I .1..1.4{] 5 |I 2 | 0.0 | 1 |
14.33 B0 4 B00.4 0.0 1 118R.0 s 0.0 1
| 1720 854.8 | B854.8 | -33.2 |[ 2]I 1140.5 [ 2]1 0.0 [ 1]
| 20.07] T47.9 | 747.9 | -66.3 |[ 2] 997.9 |[ 2]1 0.0 | [ 1)
| 22_!1-]|I 569.9 | 569.9 | -00.% | ¥ |I TR0.3 |I 2 | 0.0 | 1 |
2580 3.5 30.5 -132.8 2 427.7 F 0.0 1
| 28.87| 0.0 | 0.0 | -185.8 |[ 2] 0.0 [ 1]1 0.0 | [ 1)
* Critical ULS Load Combination
Engineer: Company:
File: Inverted T Beem FIRAL 3.3.con Z of 6 Tue Mar 03 12:45:26"2315
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Summary Report
Concise Beam, Vertion 4.59%, Copyright 2002-2014 8lack mint Software, Inc.
Licensed to: DEFAULT - EVALUATION USE OHLY
Project:
Froblem:

SUPPORT REACTIONS (kip)
{eve = upwards)

unfactored Support Reactions

In Service During L1Ft1r|g

| During Trnnspurl:
Right | Left | rRight

Left | Right I

| |
| Lead caze |

Left
Beam Weight 15.0 15.0 15.0 15.0 15.0 15.0
SDL BT B7.3 6.3
CIF Weight 0.0 0.0
SDL AT 0.0 0.0
LL Sustain 41.9 41.9
ive Load 0.0 0.0
Roof Load 0.0 0.0
Fluid wgt 0.0 0.0
Wi nd 0.0 0.0
Seismic 0.0 0.0
Constrot LL 0.0 0.0
SLS Maximum 124.2 134.2 15.0 15.0 15.0 15.0
ELS MWax DL E2.4 82.4
SLS Min DL E2.4 B2.4
SLE Max Sus 124.2 124.2
ULS Support Reactions
|Load Combo. | Left [*11 Right [*11
[ULS WaxTmum] TeY. & E E}I I65. 8 E )il
|uLs Winimum| T.1 91l 4.1 all
* critical Factored Load Combination
CORCRETE STRESS RESULTS (UNCRACKED AMALYSIS)
(eve = compression, -ve = tension)
N | x | Stress |I Limit Overstress
Locatian ft ps1 psi Hotice
STRESSES AT TRANSFER
critical Compression
Tog of Beam 0.0 -1 | 000 | |
eottom of Beam | 26.09] 3887 | 00 | %
rongitudinal Tensile Rebar Meeded (inA2)
critical Tensiaon Requi red Pravide itional
Top of B | 25.3?| -999 -426 135% 2.7 Z.8 0.0
EBottom u?;nnr- 0. 00 q -416 [z
STRESSES DURIMG IMITIAL LIFTING
critical Compression
Top of Beam | 0.0 -1 | 3000 | i
Bottom of Beam | 26.09| 3887 | 3000 | %
Longitudinal Tensile Rebar Needed (inaAl)
Ccritical Tension Required Provided additional
Top of Beam | 26.37)| =999 | =426 | 135% 2.7 Z.8 0.0
Bottom of Beam | 0.0a] 4 | -476 | %
STRESSES DURING ERECTION LIFTING
Critical Compression
Top of Beam | 0. 00| -1 | 3900 | 0%
Bottom of Beam |  26.09| 3550 | 3800 | 121
Lengitudinal Tensile Rebar Needed (inA2)
critical Tension Requi red Provided additiomal
Top of Beam |  26.37]| =910 | -485 | ETX 2.% 2.8 0.0
eottom of Beam | 0.00] 4 | -483 | 0%
STRESSES IM SER
Critical Compression
Top of Beam | 14.33) 1229 | 3900 | 0|
Bottom of Beam | 26.37] 2719 | 3800 | =1
critical Tensian
Top of Beam | 26.37| -247 | -485 |* 0%¥| not cracked
Bottom of Beam | 0.0 3 -485 |* 0% Mot cracked
STRESSES IM SERVICE (SUSTAIMED LOADS ONLY)
Critical Compression
Tog of Beam | 14.331 1229 | 2935 | |
Bottom of Beam | 26.37| 2719 | 2925 | 1=

* Tentile stress limit in service is for a non-corrosive environment. For a corrosive environment halve the Timit.

Beyond this limit crack contral is required.

At Tra.nsfcr
ModuTus of Rupture, fr = -511
strength Required for Transfer, F =
strength Required for Initial L1Ft1ng. e =

puring Liftin In Service
rlg psi | -5B3 p';

E-l'."E 3 psi (f'c specified =
E47E.3 psi (f'c assumed -

SO0

psiy
5000 i

psid

CRACK CONTROL
{sve = tension, -ve = compression)

Beam not cracked, cracking is controlled, or crack depth is less than concrete cover.

DEFLECTION ESTIMATE AT ALL STAGES

Enginesr:

File: Inverted T Beem FIKAL 3.3.con Iof 6
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Summary Report

Concise Beam, version 4.59%, cCopyright 2002-2014 8lack mint Software, Inc.
L'ic;m:.bd to: DEFAULT - EVALUATION USE DHLY

Project:
Froblem:

Design Code Used: CSa A23.3-04

&. peflections at All Stages
(-ve = deflection down, sve = camber up)

ket Deflection Change in Deflection
Location Het @ Ket @ Met Het DL Met Total| DL growth LL Span/Deflection
= Transfer | Erection |Completicn| @& Final 2 Fimal 4 LL alone oL growth LL
ft in in in in in in in & LL alone
column A E C 1] E-C E-D
0.0 0. 000 0000 0.000 0000 0. 000 0.000 0.000 [H] []
.87 0. 200 0.397 0.357 0,186 0. 186 -0.171 0.000 2017 I L]
5.73 0.358 0.526 0.629 D.302 0. 302 -0.327 0.000 1053 L]
.60 0.470 0. EB4 0.816 0,365 0. 365 -0.451 0.000 7e2 | L]
11.47 0.537 0.777 0.925 0.35%4 0. 394 -0.531 0.000 647 | L]
14.33 0.559 0. B07 0.961 0.402 0,402 -0.559 0.000 &Ll5 I L]
17.20 0.537 0.777 0.925 0.35%4 0. 304 -0.531 0.000 647 L]
20.07 0.470 0. 684 0.816 0.363 0. 365 -0.451 0.000 762 | L]
22.693 0.358 0.526 0.62% 0.302 0302 -0.327 0.000 1053 | L]
25 .80 0. 200 0.297 0.357 0.186 0. 186 -0.171 0.000 2017 I o
28,67 0000 0000 0.000 0.0o0 0. 000 000 0.000 [ L]

Col. A: Wet deflection at transfer includes prestressing and beam weight on t

col. B: Net deflection at erection includes prestressing and all dead™loads a

pour plus 'Ion?{t_ile deflection growth of the prestressing and beam weight up to erection
ection at completion of construction includes prestressing and all dead loads

col.

C: Met de

Tus Tof

ol. D Ne

-time deflection growth of
DL deﬂu:t?qn a.lgfma'l ?rlc'h.ld'!l prestressing, a

plus Tong-time deflection growth.

col.

plus Tong-time deflection growth.

the prestressing and dead load up
11 dead Toads

to

leti

Live Toad includes roof load, and fluid weight. wind and earthquake are not included.

peflection growth is estimated by use of

span,/Deflection Limits: DL growth + LL =

LL alone =

L
LS
LS
Lf

F 48D for mon-structural attachments
240 otherwise
360 for floors
180 for roofs

E: Net total deflection at final includes prestressing, all dead Toads, and all Tive Toads,

« and :u:taﬁ:d Tive Toads.,.

m-’:-.ﬂrzeiomr‘:o:ﬁ:cast—in -place

the PCI suggested multipliers - see the Deflection Wultipliers report.

SUPPORT ROTATIONS, AMD CHAKGE OF LENGTH AT ALL STAGES

Design Code Used: CS& A23.3-04

8. Unrestrained Sup
-ve = counter-clacl

b

rt Rotations at a1l Stages
ise rotation, sve = clockwise rotation)

| | Het Rotation | Change n Rotation |

| Support| Het & ] Het 3 ] Ket @ Met 0L ket Total | DL growth | LL []

|Location]| Transfer | Erection | Completion | & Final & Final | + LL ] alone [

| I degreas I degress degrees degress degress degress degrees I
Column A E [ o E E-C E-D

| Left | -0.0137 | -0.0206 | -0.0247 -0.0L34 | -0.0134 | 0.0113 | 0.0000 |

| Right | 0.0137 | 0.0208 | 0.0247 | 0.0L34 | 0.0134 | -0.0113 | 0.0000 |

C. unrestrained Longitedingl Change of Length Due to Creep and Shrinkage
{-ve = shortening, +ve = elongaticn)

Elastic shortening = -0.1249 in

| I Total Change of ngth _Enﬁ;:r elastic_shortening) pifference in_change | I
| Erection |Completion]| Final | to Compl.| to Final | t9 Fimal
| 1 | in | in | in 1 | in | in | in 1
| 1 | -] | [ | 1] | ¢€-8 | op-C | D-B |
[ Creep | [ T T | -0 THG -0 IETIT [ EREE T -0, -0.
| shrink.| | -0.0413 | -0.0622| -0.0775] | -0.0209] -0.0152| -0.0361]
| Total | | -§.1307| -0.1862 | -0.2645] | -0.0555] -0.0783| -0.1339]
FLEXURAL DESIGM CHECK
Design Code Used: CSA A23.3-04
B used: for precast beam = (.BS8
@ used: for precast beam = 0.783
Material Resistance Factors Used: precast crete = 0.70
cast-in-place concrete = 0.6%
reinforcing steel = 0.85
prestressing steel = 0,90
Modulus of Rupture of Precast Concrete, fr = 583 psi  {tension)
Factored Provided Cracking Minimum pepth in Compression| Notes &
Moment Resistance Moment Reguired compression| Depth Ratio| warnings
= M Mcr Resistance = cfd
ft kipft kipfe kipft kipft in
0.00 0.0 FR 266.7 0.0 0.04 0,002
.87 427.7 2038.8 1936.0 S570.2 13.54 0. 564
5.73 760.3 2276.8 1974.2 1013.8 16.54 0,689
8,60 a97.9 2IB5.2 2001.3 1330.6 16.65 0. G54
11.47 1140.5 200). 1 20176 1520.6 16.73 0. 697
14.33 1E8. 2191.7 2023.0 1584.0 16. 0.698
1720 1140.5 2200.1 20176 1520.6 16.73 0,697
20.07 a97.9 22B5.2 200L.3 1330.8 16.65 0.6%4
Engineer: Campany
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Summary Report

Concise Beam, Version 4.59s, Copyright 2002-2014 alack Mint Software, Inc.
Licenzed to: DEFAULT - EVWALUATION USE DHLY

Project:
Froblen:
| 22.!'3'_ 760.3 |_ 2IT6.8 1a74.2 1013.8 16.54 0.689 |_
2580 427.7 2038.8 1936.0 570.2 13.54 0. 564
| 28.67] 0.0 | 2.4 | 266.7 | 0.0 | O.04 | 0.00z | |
Points_of Maximum and Minimum Factored Moment
| 14.33] 11E8.0 | 2191.7 | 2023.0 | 1584.0 | 16.75 | D.698 | |
| a. .0 -0.6 | 221.8 0.0 o.03 | 0.0oL | |
Foints of Maximum Ratie of Factored moment to Provided Resistance
| 1-l.:13|I 11ER.0 2181.7 2023.0 1584.0 16.75 0.608
0.0 0.0 -0.6 271.8 0.0 0.03 000l
Foints of Maximum Ratio of Minimum Resistance to Provided Resistance
| 14.33) 11E88.0 | 22591.7 | 2023.0 | 1584.0 | 16.75 | D.698 | |
| 0.00] 0.0 | -0.6 | 271.8 | 0.0 | 0.03 | 0.001 | |
ESHEAR DESIGN CHECDK
Design Code Used: CSA A23.3-04
Design Prestress| Concrete | Resistance Prowvided [Min. Resistance Ib:?'d Notes &
shear Component |[Resistance | Stirrups | Total Stirrups | Tota warnings
x Wi wvp = WE [ Wr Wi | Lid
ft kip kip kip kip | kip kip | kip
0.0 144 .9 0.0 293.2 95.1 | 3883 T1.6 | I64.E 5
I.E7 132.6 0.0 234, 1 311.0 57.3 | 202.3
5.73 99.5 0.0 234.9 7.1 |_ 311.0 57.3 | 292.2
.60 b6 .3 0.0 234.9 J6.1 311.0 57.3 202.2
11.47 33.2 0.0 2314.9 76.1 | 311.0 57.3 | 202.2
14.33 0.0 0.0 234.9 761 | 311.0 57.3 | 202.2
17.20 -33.2 0.0 -234.9 -76.1 | -311.0 -57.3 | -202.2
20.07 -66 .3 0.0 -234.9 -T6.1 |I -311.0 =57.3 | -202.2
21,43 -99.5 0.0 -234.0 -76.1 -311. -57.3 -202.
25.80 -132.6 0.0 -234.9 -76.1 | -311.0 -57.3 | -292.2
28,67 -ld4.9 0.0 -293.2 -95.1 | -388.3 -7TL.6 | -364.E 1
MNote:s & Warnings
5 - Note: Design shear force limited to critical section near support.
TORSION DESIGM CHECK
Design Code Used: CSA A23.3-04
Design Threshald Combined Shear Torsion Resistance HNotes &
Torsion Torsion and Tarsion Provided | Required Warnings
x Tl;r¥4 Stress Limjt | TF, Tr | Tr
ft kipft kiptt psi psi kipft kipft
0.0 0.0 39.1 o o 0.0 | 0.0 2
.87 0.0 4.8 o | o 0.0 | 0.0
5.73 0.0 a5.7 o o 0.0 0.0
8.60 0.0 6.3 o o 0.0 | 0.0
11.47 0.0 6.7 | o 0.0 | 0.0
14.33 0.0 6.9 o | o 0.0 | 0.0
17.20 0.0 9.7 o o 0.0 0.0
20.07 0.0 96.3 0| o 0.0 | 0.0
22.93 0.0 a5.7 | o 0.0 | 0.0
25.80 0.0 94.8 o | o 0.0 | 0.0
2E.BT 0.0 9.1 o o 0.0 0.0 2
Motes & Warnings
2 - Note: Design torsion force Timited to critical section near support.
SHEAR/TORSION TRAMSWERSE REINFORCIMG DESIGH CHECKE
Design Code Used: CSA A23.3-04
Shear_sStee]l Required |shear Steel Stirrup Et'[rrﬂn spacing Motes &
Tatal Tarsion® Pravided Frowvided Frovided |  Reguired warnings
x A+ 2AT S AtSs Av S5 AvaZAL ES | 5
ft ink2 /e inA2/Ft inAZ fe inAZ in | in
0. .30 0. [T 0.4 12000 T 15.54 H 3
.87 230 0. 0.40 0. 40 12.00 | 15.12 2 3
5.73 0.30 0. 0 o 0. 40 12.00 | 15.12 2 3
8.60 230 0. o 0. 40 12.00 | 15.12 2 [
11.47 s 0. 0 o 0.4 12.00 15.12 2 3
14.33 A [N o .40 12.00 | 15.12 2 [
17.20 0.30 0. o 0.4 12.00 | 15.12 2 [
20.07 J30 [N o .40 12.00 | 15.12 2 [
22.93 Q.30 0. o [ 12.00 | 15.12 2 [
25,80 0.30 0.0 0.40 0. 40 12.00 15.12 2 3
28.67 0.30 0. 0 0.40 040 12.00 | 15.04 2 5

Motes & wWarnings
- Mote: smgunt of shear steel reguired represents minimum code requirements.
5 - Note: Design torsion force Timited to critical section near suppart.
6 - Note: Reguired stirrup spacing represents maximum code requirements.
* partion of the total stirrup area required to resist torsicnal shear flow (one leg arcund periphery).

LOKGITUDTIRAL RETHFORCING COMEINED DESIGH CHECK
Design Code Used: CSA A23.3-04

Longitudinal Tensile Forces due te Flexure, Shear, and Torsion

Engineer:
File: Inverted T Beem FIKAL 3.3.con 5 af & Tue Mar 03
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Summary Report

Concise Beam, Version 4.39s, Copyright 2002-2014 8lack Mint Software, Inc.
Licensed to: DEFAULT - EVALUATION USE DHLY

Froject:

Froblem:

| Bottom of Eean [ Top of BEeam Notes & |

| x applied Tension| Resistance |applied Tension| Resistance warnings |

| ft kip ip | kip ip |

I [ ] 0.0 T 0.0 T 0.0 T 0.0 |

| .87 418.5 | 1972.0 | 0.0 | 0.0 |

| 5.73 539.9 | 2372.9 | 0.0 | 0.0 |

| 8.60| 6l17.8 | 2372.9 | 0.0 | 0.0 | |
11.47 660.0 2372.9 0.0 0.0

| 14.33 G6e0.0 | 2372.9 | 0.0 | 0.0 |

| 17.20 GE0.D | 2372.9 | 0.0 | 0.0 |

| 20.07 617.8 | 2372.9 | 0.0 | 0.0 |

| 23.93) 539.9 | 2372.9 | 0.0 | 0.0 | |
5.BO 418.5 1972.0 0.0 0.0

| 28.67 0.0 | 0.0 | 0.0 | 0.0 |
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Appendix Z: Axiomatic Design Breakdown (Full)

£ [FR] Functional Reguirements

[DF] Design Parameters

=) IFabricate a modular pre-stressed concrete "Parking Bay”
B ISuppod structure and vehicle load
1.1 ISupponthe double tee beams and the load

14 IConnemhe columns and inverted tee beam (girder)

15 ITransfer load down to the footings

=g I.ﬁccomodate muotion of vehicles

21 IDistance between columns

22 IAIIow &' 6" height for motion of vehicles
=8 IAIIow for structure to be reproducible

31 IDreate a mold for the bay reproduction

3.2 || Cesign that fits site space

12 IConned beam and girder to allow the transfer of loads

System to fabricate a modular pre-stressed concrete "Parking Bay”
HDesign for supporting the structure and vehicle loads
.Design ofthe inverted tee beam (girder)
.Design of dapped end

13 ISupponthe axial and seismic loading for the tributary area .Design of Columns

.Corbel Connection
lFoundations

gDesign that allows motion of vehicles
.Double tee beam with 30" x 30° dimensions
lCqumn design and height

ESystem for producing structures on demand
.Fabricate a mold for the bay reproduction
|1 sesion ofthe bay

=+ 4 HProvide for easy field assembly

ﬂj lethad for field assembly

Pre-stage and transport materials to site

----- 42 IDeIiver materials in proper arder

----- 43 Il'u‘:onitor quality of structure assemblage

----- 44 Il—éave machinerylabor necessary to assemble
£ B IF'roduce afinacially viable modular bay

----- 51 ISeIed material with low cost

----- 52 Il'u‘:antain a low assembly cost

""" 53 ISustain a low maintenance cost

&6 J| span 30'x 30 space

----- 6.1 J| Cimensions of 30'x 30

----- 6.2 Iruﬁzu(imize load capacity and minimize self weight
----- 6.3 ISumcient strength to carry load

- 6.4 ISumcient pre-stress force

----- B.5 IUn—cracKed when casting

- 6.6 IRemain uncracked under service

.System of pre-staging and transporting bay parts

.I:Eelivery schedule and timing

.r\éethod of monitoring quality assurance

lArrange machinerylabor schedule according to each activity
,Cost of production, assembly, and maintenance

P Type of material slected

[ system of assembly

lSystem for maintenance of the structure
,I‘v‘:ethodto span 30°x 30 space

.dimeﬂsiﬂﬂs of double tee beam

.C:'USS-SECtiUﬂa| area of double tee beam

.t}rpe of concrate

.number of pre-stressing strands

.eccentricity of pre-stressing strands

lnumber of pre-stressing strands
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Appendix AA: LEED Checklist

Project Checklist

¥ F N

Y Frereq1  Construction Activity Pollution Prevention
creditt  Site Selection 1
creditz  Development Density and Community Connectivity 5
Credit s Brownfield Redevelopment 1
Credit 41 AMternative Transportation—Public Transportation Access ]
Credic 4.2 Mternative Transportation—Bicycle Storage and Changing Roon 1
Credic 4.3 Mbernative Transportation—Low-Emitting and Fuel-Efficient Ve 3
Credic 4.4 Mbernative Transportation—Parking Capacity 2
Credie 5.1 Site Development—Protect or Restore Habitat 1
Credie 5.2 Site Development—Maximize Open Space 1
Creditbi  Stormwater Design—Quantity Control 1
Credit 6.2 Stormwater Design—Quality Control 1
credie 71 Heat Island Effect—Mon-roof 1
Credie 7.2 Heat Island Effect—Roof 1
Credits  Light Pollution Reduction 1

_ [ | |Water Efficiency ~ Possible Points: 10

Y Prereq1  Water Use Reduction—20% Reduction
crediv1  Walter Efficient Landscaping 204
Creditz  Innovative Wastewater Technologies z
credit 3 Water Use Reduction 2to4

LEED 2009 for New Construction and Major Renovations

Project Hame

Date

Recycled Content 1to2
Regional Materials 1to2
Rapidly Renewable Materials 1
Certified Wood 1

Credit 4
Credit 5
Credit &
Credit 7

Minimum Indoor Air Quality Performance

Environmental Tobacco Smoke (ETS) Contraol

Outdoor Air Delivery Monitaring

Increased Ventilation

Construction 1AQ Management Plan—During Construction
Construction 1AQ Management Plan—Before Occupancy
Low-Emitting Materials—Adhesives and Sealants
Low-Emitting Materials—Paints and Coatings
Low-Emitting Materials—Flooring Systems

Low-Emitting Materials—Composite Wood and Agrifiber Product
Indoor Chemical and Pallutant Source Control
Controlability of Systems—Lighting

Controlability of Systems—Thermal Comfort

Thermal Comfort—Design

Thermal Comfort—Verification

Daylight and Views—Daylight

Daylight and Views—Views

Prereg i

</«

Prereq 2
Credi
Credir 2
Credie 5.1
Credit 3.2
Credic 4.1
Credie 4.2

Credit 4.3

Credit 4.4
Credit 5
Credit 6.1
Credit 6.2
Credit 1.1
Credit 1.2
Credit .1
Credit 5.2

3 3 3 % o3 o3 o3 o3 o3 3 o3 -3 o3 3 o
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Appendix BB: Site Visit Photos

Building E Area from Trumble St. View

Front St. bridge

153



Ball field area from Front St. View

T

East Garage Mitigation area from Ball field area view
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Ball Field Area Time Lapse
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Hotel Area Time Lapse
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Appendix CC: Electronic Files

Outlined below are all the files that contain all the calculations made for each of the chapters of the
report. These files can be found in the “E-Files” folder in the my.wpi site for the project. For further
details on each of the calculations please refer to the respective chapter and file.

Project Management Analysis
e Project Management Tracking Sheets - File: “Project Management Tracking Sheets 3.6.15”
Spreadsheets containing data on all RFI’s, Submittals, Change Requests, and GMP.

O

O O O O

Tab 1 — Miscellaneous Graph
Tab 2 —RFI’s

Tab 3 — Submittals

Tab 4 — Change Requests
Tab 5 - GMP

Lean Construction
e Lean Survey - File: “Lean Survey”

O

@)

Tab 1 —Survey #1 Responses

Contains the responses from all 3 members of Consigli during the first round and includes
tables comparing the responses.

Tab 2 —Survey #2 Responses

Response Comparison

Contains the responses from all 3 members of Consigli during the second round and
includes tables comparing the responses of the first and second survey.

Alternative Design Calculations
e Project Drawings — File: “03-Architectural, 04 Structural”

O

Contains construction drawings for the CitySquare Underground Parking Garage.

e Alternative Design Calculations — File: “MQP Final Prestressed Calculations”
The design process broken up by components based on load calculations in Tab 1.

O

O O O O O

O

Tab 1 — Load Calculations

Tab 2 — Double T Beam Zone A
Tab 3 — Double T Beam Zone C
Tab 4 — Inverted T Beam Zone A
Tab 5 — Inverted T Beam Zone C
Tab 6 — Column Design

Tab 7 — Foundation Check

e Concise Beam Calculations for Double Tee- File: “Double Tee-concisedesign”

e}

Contains in depth structural calculations for designed prestressed double tee.

e Concise Beam Calculations for Inverted Tee- File: “Inverted T Beem concisedesign”

O

Contains in depth structural calculations for designed prestressed inverted tee.

o Google Sketchup Alternative Bay- File: “Double Tee-concisedesign”

O

Contains 3-D model for alternative design bay.

Axiomatic Design
e Non-optimized AD - File: “02.17.15 NOT optimized”
Contains the Axiomatic Design breakdown and matrix of without the optimization.
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e Optimized AD - File: “02.17.15 optimized”
Contains the Axiomatic Design breakdown and matrix of with the optimization.

Sustainability
e Embodied Energy Calculations - File: “Sustainability Calculations”
o Tab 1 -—Steel Bay
Contains the calculations for the embodied energy of the steel bay.
o Tab 2 — Alternative Bay
Contains the calculations for the embodied energy of the prestressed alternative bay.
e Cost Analysis — File: “Sustainability Calculations”
o Tab 3 — LCCA Steel
Contains the life cycle cost analysis for a single bay of the steel design.
o Tab 4 — LCCA Prestressed

Contains the life cycle cost analysis for a single bay of the alternative prestress design.
o Tab 5 — Cost Analysis and NPV

Contains a full analysis and calculation breakdown of the NPV for both bays.

Miscellaneous
e Final Presentation - File: “MQP C Term Final”
Contains the final presentation that outlines our results and conclusions for the entire project.

e Reuvit Files for the Underground Garage — File: “City Square — Revit Files”
Contains the Revit files for the structural design of the City Square Parking Garage.
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Abstract

As the city of Worcester continues to attract more students and businesses, and with a central
location to New England, it has identified the need to expand and develop the alienated downtown
area. CitySquare, a $563 million multi-phased private/public development project, will include a steel
structure underground parking garage which will accommodate over 500 cars and will aid with the
unanswered high demand for parking space during the past decade. We will be examining the
management of the project and the alternative design of using prestressed concrete, as well as applying
the concept of axiomatic design decomposition to the span length of the alternative design. To support

our prestressed concrete analysis, Building Information Modeling software will be used.



Capstone Design Statement

This project focuses on the construction of a 2 story steel-structure underground parking garage in
downtown Worcester, MA. The construction will be executed by the general contractor, Consigli
Construction, for the owner CitySquare Il development Co. LLC, and the structure will service surrounding
businesses such as Unum, St. Vincent’s Hospital, a future Marriot Hotel, and the general public. Given the
start of the major construction activities aligns with our WPI timeline for the completion of our Major
Qualifying Project, we will perform a series of analysis using actual construction documents, meeting
meetings, documentation logs, and physical progress. Having access to all of these sources will allow us
not only to develop a section on project management with relevant insights into the current practices of
the construction industry, but will also allow us to fulfill our Design Capstone by creating an independent
design that is ruled by the actual conditions of the site, the geometry of the layout, the loading distribution
of the project, and the owner’s needs.

To complete our Design Capstone we will create an independent structural design that replaces
structural steel elements of the actual design (provided by Arrowstreet Designers and Niesch & Goldstein
Structural Engineering) with precast and prestressed members. The design problem that we will address
is the selection of the most cost effective, fast-tracked, sustainable and feasible construction material for
a project in an urban environment rich in spatial, legal, and monetary constraints. We will approach this
design problem by performing analysis on schedule, cost, communication, and sustainability on the
current steel-structure design to enable us to compare its performance against our independent design
based on prefabricated prestressed concrete.

To analyze the current design, we will use all the information made available by Consigli as well as our
site visits and inclusion in owner’s meeting to compare the expected progression of construction against
the actual work completed by focusing on the relationship between construction documents and schedule
or cost impacting communications such as submittals, requests for information (RFI’s), and change orders.
We will supplement readily available information with research to gain insight into the most up to date
methods for construction sustainability, allowing us to perform analysis such as life cycle assessment and
embodied energy calculations. These considerations will also be applied to our independent structural

design, and will ultimately allow us to compare the two different designs.



To design our precast concrete structure, we will first extract the loading, framing, geometric, and
serviceability requirements from the provided construction documents. We will take into account
constraints such as having a defined site layout, geotechnical properties of the location, traffic and
pedestrian accessibility, among others. Using the Precast/Prestressed Concrete Institute’s (PCl) Design
Manual, we will design the structural components of double T beam, inverted t beam, columns and
connections. To aid the design process and add analysis into the design, we will use software such as

Microsoft Autocad, Revit, and Primavera.
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1.0 Introduction

Worcester is a city with a lot of history, and in recent years, it has seen an exponential growth in its
demand for business development partly due to its central location in New England. With the opening of
the Worcester Center Galleria in 1971, the city intended to attract a big number of businesses and
export the fashions of Boston to the suburbs while revitalizing the ailing downtown of
Worcester. However, this was not the case and by 2006 the mall was closed. Following the closure, the
city of Worcester proposed a development project known as CitySquare, a $563 million multi-phased
private/public project which is considered the largest development project in the Commonwealth
excluding the Boston Area.

Small steps have been taken since 2007 — the demolition of the mall and the construction of Unum
Building and St. Vincent Cancer Center. Residents of Worcester are losing their hopes that one day they
will see downtown as a commercial and vivid location, with several retail stores and residential space.
However, in recent years, CitySquare |l Development Co. LLC took over the project and has redesigned
the original space and layout, which will now include an underground parking garage with over 500
parking spaces and an 8-story hotel to accommodate for the influx of people. The garage is the first step
of the new development phase, which will be followed by the hotel, retail space, and some residential
areas.

Consigli Construction, has been involved in the past 5 years with several projects and improvements
to the downtown area of the city of Worcester. They will now be in charge of leading the 2-story
underground parking garage which will sit in the heart of the city. Nonetheless, this presents a big
challenge for Consigli, given that the project is located in an area of high traffic, a street runs over the
site, and three out of the four sides adjacent to the site have buildings already. The construction team
will have to develop a plan to run the project as efficiently as possible to deliver it on time and within
the allowable cost. This will require a lot of communication and planning with the sub-contractors, site
workers, the city manager, and the owners of the adjacent structures.

The current design of the parking garage consists of a steel structure with spread footings and slab
on deck at each level. Our team is considering certain aspects which can potentially impact the project
and structure significantly which include space, location, weather, and materials being utilized, amongst

others. For this reason, our study will investigate an alternative design to the parking garage, and will



evaluate the impact it may have on the cost, schedule, and delivery of the project. We will design an
alternative prestressed structure which will take into account current site and loading conditions as well
as spatial constraints. Our team will create a 3D model of the alternative design by utilizing Building
Information Modeling software such as Autodesk and Primavera.

Our study will also include an evaluation and analysis of the two designs (original and alternative)
based on Lean Construction concepts. The purpose of this evaluation will be to identify the activities and
aspects in which Lean concepts can be applied to make the process more efficient and reduce any waste
that does not add value to the end-user. A compare and contrast analysis will be made in order to
identify which design is more efficient and can potentially lead to a decrease in cost and time of
completion of the project.

The goal of this project is create an alternative design that still meets the criteria of CitySquare
Il, and determine if it is a better option. The CitySquare project management will be observed and
analyzed based on their delivery in terms of scheduling, cost/quantity, and communication. The
prestressed concrete alternative design will be developed and then evaluated based on lean concepts,
which will include a time value of money analysis. Finally we will draw our conclusions and present our
results and recommendations on the most effective structural design that could potentially offer more

benefits to the project and end-user.



2.0 Background

The following chapter examines the purpose of the construction of the underground parking garage
and introduces some of the concepts and analysis measures that will be used in the project. The chapter
starts with an overview of the history and future development of the CitySquare project, the main
reason for the construction of the garage. The following sections provide an overview of the project
management and the concepts that will be important in the implementation and analysis of the project,
including Lean Construction, Building Information Modeling (BIM), Axiomatic Design Decomposition, and

the classification of underground spaces.

2.1 CitySquare Project

The following section explains the history of CitySquare and its development in the last couple of
years. Furthermore, it explains the next steps in the development of CitySquare and how this MQP
relates to the purpose of this large scale project in the city of Worcester.

2.1.1 CitySquare History

On July 29th, 1971 the Worcester Center Galleria opened for business in downtown Worcester,
Massachusetts. This massive shopping center included 1,000,000 square feet of floor space and was
intended to export the fashions of Boston to the suburbs while revitalizing the ailing downtown of
Worcester. A 4,300-car parking structure was attached to building, and at the time being, it was the
largest parking structure in the world. (Caldor, 2006) Figure 1 below shows the layout of the existing

mall, parking garage, and adjacent buildings.
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Figure 1 - Mall Site Plan (Huard, 2012)

Unfortunately, as early as 1973, the shopping center was already having issues of not being
viable and losing its customers. Despite the numerous failed attempts by the city to revitalize the mall
throughout the next decades, it was still considered New England’s largest and most notorious dead
mall. (Caldor, 2006) With the opening of the Wrentham Village Premium Outlets in 1997 the Worcester
Common’s area had no reason to attract any customers and it slowly started losing businesses and
stores with each passing year. However, in 2004 it was announced that Berkley Investments from
Boston would be purchasing and demolishing the mall, in order to rebuild downtown Worcester in a
project named CitySquare; and by 2006, the mall was closed. (Caldor, 2006)

CitySquare is a $563 million multi-phased private/public project and is considered the largest
development project in the Commonwealth, without the inclusion of the Boston Area. The project’s goal
is to create more 2.2 million square feet of commercial, medical, retail, entertainment, and residential
space. (Worcester, 2014) Figure 2 below, shows the proposed development for the area that was

supposed to connect Worcester’s downtown with the failed mall.
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Figure 2- City Square Development Plan (Huard, 2012)

However, Berkley Investments failed to comply with the General Development Agreement
(GDA) between them and the City of Worcester, which required Berkley to secure a tenant for one of
the designated buildings. Unum Group, a disability and life insurance based in Portland, Maine, signed a
letter of intent in 2009. In 2010, plans were revived with the backing of a new investor, the Hanover
Insurance Group Inc. Since then, Unum and Vanguard Health Systems Inc., the operator of St. Vincent
Hospital, have been the only two developments in the area and no additional progress has been made

as shown in Figure 3 (McCluskey, 2013).

Figure 3 - CitySquare Development in 2013 (McCluskey, 2013) (Source:T&G Staff, Rick Cinclair)
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The demolition of the former outlet mall and parking garage has been completed, and is
intended to help advance the project. However, no private investor has announced interest in the site
for more than two years.

2.1.2 City Square Future Development

Since the demolition of the mall and parking garage, no development has been seen in the area.
Nonetheless, there have been several conversations and negotiations as to what is the future of the
CitySquare project. CitySquare Il Development Co. LLC, an entity managed by Leggat McCall and funded
by Opus Investment Management Inc., a subsidiary of Hanover Insurance, is now working with Consigli
Construction in the next phase of the project.

There have been several conversations about the use of the space, and the vision includes
commercial office space, housing, an underground parking garage, and space for street-level retail
stores. In addition, they are planning on adding another component to the project and building an 8-
story Marriott Renaissance hotel that will go over the underground parking garage. Figure 4 illustrates

the revised plans for the CitySquare project.

e CitySquare projects
Proposed projects

0 Residential
and retail

@ 150 room
hotel

&) Underground
parking and
future
development

Existing buildings

@ st. Vincent
Hospital
Cancer Center

6 Parking

garages

@ Unum

@ 100 Front St.

To Washington @ 120 Front St.
Square
Source: City Manager's office v T&G Staff/DON LANDGREN JR. @ Church

Mer Ca,

Figure 4 - CitySquare Revised Layout (Kotsopoulos, 2014) (Source: City Manager’s office)

"I think the demand for hotel space in the city is at an all-time high right now," shared Craig L.
Blais, president and chief executive officer of the private Worcester Business Development Corporation,
with Worcester Telegram and Gazette. (McCluskey, 2013) The two-level underground parking garage

will be built behind the Unum and St. Vincent buildings, in the area where the mall used to be. This
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parking garage is the next step to the development of CitySquare and once it is completed, the hotel,
housing, and retail space will commence its development on top of it.

Minor amendments and details have been made to the design since then, with the addition of
two surface entrances to the underground parking garage, so-called "head houses". These will be kept
largely transparent and open, and bicycle racks will also be installed in each of them, with stairs and
elevators to access the garage. (Kotsopoulos, 2014) Appendix E illustrates the construction drawings
with the proposed addition of the “head houses”. In many of 2014, the Planning Board approved
modifications that reduce the size of the underground garage from the planned 1,025 spaces to 580.
The parking garage will now encompass less space in the project site with the changes made.

(Kotsopoulos, 2014)

2.2 Consigli Construction

Consigli Construction is a fourth generation, family-owned construction firm established in 1905.
The company is experienced in serving academic, corporate, life science, health care, federal, and
institutional clients throughout New England and New York. (Consigli, 2014) Grossing more than $743.8
million annually, Consigli has been ranked 77 among the top 400 construction firms by Engineering
News Record. They are capable of providing several different construction delivery methods such as

Construction Management at Risk, design build, integrated project delivery and hard bids.
2.2.1 Consigli Construction’s involvement in City Square

Consigli Construction has been involved in the CitySquare Development Project starting from
September 2010 with the demolition the former Worcester Common Fashion Outlets mall. A $110
million job of the 215,000 sq. ft. building and selective demolition of an existing parking garage was
completed in June 2012. Figure 5 illustrates the demolition of the mall which has brought down 4,000

tons of steel. The steel, concrete and brick from the mall have been recycled. (Dayal, 2011)
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Figure 5 - Demolition of Worcester Commons Fashion Outlets (Grillo, 2013)

City Square’s first building, Unum facility (Figure 6), was also constructed by Consigli
Construction and was completed on January 2013. The energy efficient building system includes a high
impact corporate lobby with advanced technology and executive offices. Consigli was both responsible
for the core shell and interior fit-out of the building, while coordinating the owner’s installation of
finishes and equipment. The $72 Million facility has achieved LEED Silver Certification (Consigli, 2014),
and has attracted a lot of business and public to the downtown Worcester area. After having a strong
presence for years in the city, Consigli is currently working on the underground parking garage for

CitySquare Il

Figure 6 - The UNUM Building in Downton Worcester (Grillo, 2013)
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2.2.2 Consigli Gateway Server

Consigli uses Gateway software which acts as a bridge between multiple networks to allow

communication between the owner, architects, engineers and subcontractors. The project team is able

access all of the project documents under one cloud as well as adding and editing documents to
expedite the communication speed. The server includes the documentation of the following
information; construction drawings, meeting minutes, submittals, RFl’s, change management and
project schedule. This is a great tool for our project to get updates on the project documents and

observe the communication between key players of the project. The figure below shows the layout of

the user friendly gateway page.

m 1308 - City Square Underground Garage » Project Documents » All Documents

3
o Search this site.
CONSIGLI
Est. 1905
Projects = The 12 Fundamentals
Home = Projects = Projects - 1300 = 1308 - City Square Underground Garage = Project Documents
> Type  Name Title Medified Modified By
Project Photos
[=] 10-Documents 10-Documents 6/2/2014 8: Yin, Chanthoeun
b [=] 20-Coerdination Drawings 20-Coordination Drawings 6/2/201: Yin, Chanthoeun
Project Documents Ea esting reports 30-Testing reports 6/2/201. Yin, Chanthoeur
o ——— B Sustainability LEED 40-Sustainability LEED 6/2/2014 ¥in, Chanthoeun
CITETITIETE # Add document
‘Submittals

RFIs
Change Management
Project Schedule
Administration

Owner Monthly Report

>

Calendar
Tasks
Project Directory

Figure 7 - Consigli Gateway for 1308 City Square Project
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2.3 Project Specifications

2.3.1 Overview

Recent investments in infrastructure by both private and public funds in the downtown
Worcester area have created a demand for increased parking spaces for daily commuters, visitors,
professionals, and students. Limited available space downtown motivated the construction of a facility
that would meet the parking needs of the city while minimizing its impact on potential future
developments. As a result, the parking garage will be constructed entirely underground and will feature
aboveground elements such as green space and head-houses that will add to Worcester’s development.
2.3.2 Scope

The project undertaken by Consigli Construction consists of building an underground parking
garage as indicated in the final construction documents within a guaranteed maximum prized. The
parking garage is to have 2 levels, housing over 500 vehicles and 2 entrances from the street level, as
well as 2 head-houses on the street level and a green space over the “Ballpark” section of the parking

garage. The garage features steel construction and extends under Front Street of the city of Worcester.
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Figure 8 - Architectural drawings by levels and elevations of the underground parking garage (Gateway)
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2.3.3 Organizational Breakdown Structure (OBS) of Consigli Construction

The organizational breakdown structure for the City Square Underground parking garage project is

illustrated in the Figure 9 below. The owner, City Square Il, has a representative who oversees the entire

project and delivers the project in a consulting capacity. Consigli Construction’s organizational structure

starts the with the president of the company who oversees the Projective Executive who leads, manages

and coordinates the overall direction, completion, and financial outcome of the project. Additionally, he

also mentors a team of project managers and engineers. The Project Manager, Superintendent, and

MEP manger work together and are responsible for the safe completion of the project within the

proposed budget and schedule, company’s quality standards, and customer’s satisfaction. (Consigli,

2014) The architecture firm, Arrowstreet Inc., coordinates and leads the structural, civil and MEP/FP

engineers to deliver the design aspect of the project more efficiently.

Owner

City Square Il
Development Co LLC

Owner Representative
Leggat Mccall Properties,
LLC - Michael Gerhardt

Architect General Contractor
Arrowstreet Inc President - Anthony
David Bois Consigli

Structural Engineer MEP/FP Engineer Project Executive
Goldstein-Milano LLC L. WSP William O'Rouke

Civil Engineer Project Manager Brent Supeintendant
Nitsch Engineering Keyser Kevin Beechman

MEP Manager
Larry Byron

Assistant
Superintendant

Matt Lyons

Project Engineer
Sean Hanley

Figure 9 - OBS for CitySquare Underground Parking Garage Project
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2.3.4 Schedule

The schematic design of the underground parking garage was approved in January 24, 2014 and
construction documents were finalized and approved on July 21st, 2014. Consigli’s involvement began
on June 30th, 2014 and received notice to proceed on September 14th, 2014. The delay between the
start of the project and the notice to proceed came as a consequence of setbacks on the guaranteed

maximum price (GMP) negotiation between the owner, CitySquare Il, and the general contractor,

Consigli Construction. The planned completion date for the project is October 7th, 2015.

Construction
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A4020 Ledge Removal / Exist Foundation Removal
A4170 Excavate Area Way Walls and Foundations
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A4040 FRP Continuous Footings - Bldg E
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The contract calls for a guaranteed maximum price (GMP) for the project, also known as not-to-

exceed price (NTE or NTX). Under this cost related contract, the Consigli bills for the cost of the work
performed plus a fixed fee or percentage without exceeded a predetermined allowance. (Cushman,

1999) The ceiling prices were negotiated between CitySquare Il and Consigli, as well as the allowances

providing flexibility in the contract. The total cost of the project is expected to be around

$28,000,000.00
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2.4 Lean Construction

The term “Lean Construction” found its way into the construction industry in 1993. Two key
organizations have led the thought leadership of the topic: The International Group for Lean
Construction (IGLC) founded in 1993 and The Lean Construction Institute (LCI) founded in 1997”. (Sayer,
2012) Lean, originated in the late 1980’s from Toyota automotive manufacturing, and is a customer-
focused methodology to deliver value to customers through the effective use of resources. “The aim of
Lean is to deliver the customer’s value when they want it, how they want it, where they want it, at a
price they will pay, and using all resources most effectively — time, money, and people.” (Sayer, 2012)
Lean construction is a management-based approach to project delivery, and focuses on changing the
delivery process of it. The focus is on improving the overall performance and delivery of the project
instead of reducing cost and time from certain activities.

Lean construction challenges the belief that there must always be a trade between time, cost, and

quality. The table below shows a comparison between a traditional project and a lean project.

Traditional Projects Lean Construction Projects
Operating System Critical Path Management (push) Last Planner (pull)
Organizational Model Command and Control Collaborate/Distribute
Authority
Commercial Terms Transactional Relational - shared risk

Table 1 - Comparison of Traditional and Lean Projects (Sayer, 2012)

One important aspect to notice from Table 1 is that Lean Construction focuses on optimizing the
overall project flow, unlike traditional projects which instead focus on optimizing individual pieces. Lean
principles can be applied to several areas of a construction project, but they are only effective if they
focus on improving the whole process. Some areas of focus may include the design, procurement,
production planning, logistics, and the construction itself. Construction is the area that might be most
applicable to Lean concepts as the physical putting together of structures/roadways/design elements is
the goal of all projects. Some aspects to consider include: clear communication of project ideas, training,
multitasking, progress reporting, and improving meetings. (Excellence, 2004)

There have been several successful groups and companies that have implemented Lean
concepts to their projects. However, there is still a lot of opposition to institute a change in the industry

because most of the players involved believe in the traditional approach they have operated in the past.
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This is reflected in the productivity in the US Construction Industry, which has stayed leveled or declined

since 1964, depending on the study used, as shown in Figure 11 below. (Sayer, 2012) Despite the
stagnant trend line below, many building owners are now expecting Lean concepts and practices to be
applied in their projects and reflected in the Request for Proposals, thus potentially improving the

industry’s productivity.

Construction & Non-Farm Labor Productivity Index (1964-2003)

Constant § of contracts / workhours of hourly workers
Sources: US Dept. of Commerce, Bureau of Labor Statistics

v

— Construction Productivity

Yo N ex 1964 =

~= Non-Farm Productivity

1964 = )

Index
B

Figure 11 - Labor Productivity Index for the U.S. Construction Industry and all Non-farm Industries. (Sayer, 2012)
(Original Source: Teicholz, Paul. “Labor Productivity Declines in the Construction Industry” AECbytes Viewpoint. Issue 4. April 14, 2004)

Some of the benefits presented by using Lean Construction include better budget performance,
higher on-time performance, fewer accidents, and better value delivered to the customer with the
completion of the project. Beyond it being a different approach to the entire construction sequence,
Lean fosters the use of advanced technology and software to support its core principals. The most
important advancement is Building Information Modeling (BIM), a technology that allows the team to

design multi-dimensional models of a facility, and enables Lean Project Delivery. With BIM, “the team

can evaluate multiple design alternatives, make better design decisions, make better costing decisions,

have more communication earlier in the project, and create production system plans directly into the

model earlier in the process.” (Sayer, 2012) This technology will be used in this project and will allow for

the analysis and delivery of Lean Construction principles to this project.
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2.5 Axiomatic Design

Axiomatic Design is an approach to engineering design based on two axioms, or laws, which assure
that the most effective design is being utilized. It can be applied to the entire design process of a
project, including the planning or manufacturing. In its essence, it aims to identify a design which (1)
maximizes the independence of the functional elements and (2) minimizes the information content.
(Brown, 2013) Figure 12 below outlines the Axiomatic Design process which correlates four domains,
with the left representing “what we want to achieve” and the right domain representing the solution to

“how we want to achieve those goals”. (Angwafo, 2014)

Customer Function Design Process

Dotmdn Domam Daomaitl Dornain

Customer Product Product Process to
Needs Functions Design Realize Product

Figure 12 — Axiomatic Design Process (Sohlenius, 1998)

Axiomatic Design was first identified by Nam P. Suh, president of KAIST and MIT professor, in the
late 70’s in Cambridge, MA. Suh was able to develop this concept which is now applied across industries
and has identified three essential components for it:

e Axioms (independence and information)

e Structure (lateral and vertical decomposition)

e Process (zigzagging decomposition)

This approach helps identify the best design solution from a conceptual stage and ensures that the
customer is receiving the most added value. The section on axiomatic design decomposition in Chapter

4, will elaborate more on the application of this method to the construction project.

22



2.6 Building Information Modeling (BIM)

The term building information modeling (BIM) has been present in the construction industry’s
vocabulary since 2002. When it was first introduced, industry analysts debated over the meaning of the
three letter acronym, but all agreed that this was the “next generation of design software” after
computer-aided design (CAD) (Smith, et. all. 2009). (Building Information Modeling: A Strategic
Implementation Guide for Architects, Engineers, Constructors, and Real Estate Asset Managers)
Autodesk, a world leader in 3D design software for entertainment, natural resources, manufacturing,
engineering, construction, and civil infrastructure, defines BIM as an “intelligent model-based process
that provides insight to help you plan, design, construct, and manage buildings and infrastructure”
(Autodesk, 2014). The key word to note in this definition is “process”, for it qualifies BIM not as a
product or a tool, but a sequence of actions that involve participation from the different parties

involved.

Figure 13 - BIM graphic showing various types of information being derived from a 3D model, e.g., plans, sections, etc., and
component information. (Smith, et. all. 2009)

A second definition for BIM from an academic standpoint defines it as a “project as well as
a process simulation”, thus emphasizing the visualization capabilities of the technology (Kymmel, 2008).
Creating a computer modelled construction process much like the real construction work is labor
intensive and rich in information. The planning process to create a comprehensive simulation requires
the same considerations the constructors at the field would be concerned about: time, space, cost, and

scheduling. Like the work it parallels, BIM modeling requires constant reevaluation and adaptation as
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conditions change throughout the life of the project. This gives the interactive computer model
relevance and accuracy as a projection that is weeks if not months ahead of the tangible construction
work, thus potentially resolving issues before they materialize.

BIM models are most beneficial when created as both as a tool for coordination among all parties
involved (designers, construction managers, owner, subcontractor, and trades) and as a vehicle to
increase understanding on the intricacies of any project. When used as a medium through which all
parties further the understanding of their individual role and their role as team members in a largely
coordinated time-spanning effort, these computerized simulations represent the most accurate and
detailed account of the building, tower, or structure that is to be built. By having one master simulation
that incorporates all parties, sometimes referred to as a composite model, construction documents are
more transparent, detailed, and living than their predecessors in paper or in 2-D. (Smith, 2009) Building
this comprehensive model is a unique opportunity in the construction process to become intimately

familiar with the project and all of its components.

SIRIY COMMITTED to
mnm:cmmsJ'

Figure 14 - Representatives from different trades gather to review BIM simulation for potential clashes (Energy Air, 2012).
Benefits of BIM

The benefits of using BIM technology in construction projects come through the facilitation of
updated information to all parties, reduced field coordination problems, more accurate construction
schedule, and multidimensional display of activities. According to an article published in the
International Journal of Project Management, “The most frequently reported benefit related to the cost
reduction and control through the project life cycle” along with time savings (Bryde, et. all. 2013). A case

study on the same publication reviewed 35 case studies which mentioned positive and negative benefits
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of the use of BIM using success criteria related to the output of the project, including meeting time, cost
and quality objectives and also objectives related to the management of the process, such as effective
scope management and communications. (Bryde, et. all. 2013) The following table summarizes its

findings in terms of percentages.

Positive benefit Negative benefit
Total Total number (% of total Total Total number |% of total
Success criterion instances of projects  |projects instances of projects projects
Cost reduction or control 29 21 60.00% 3 2 5.71%
Time reduction or control 17 12 34.29% 4 3 8.57%
Communication improvement 15 13 37.14% 0 0 0.00%
Coordination improvement 14 12 34.29% 7 3 8.57%
Quality increase or control 13 12 34.29% 0 0 0.00%
Negative risk reduction 8 6 17.14% 2 1 2.86%
Scope clarification 3 3 8.57% 0 0 0.00%
Organization improvement 2 2 5.71% 2 2 5.71%
Software issues 0 0 0.00% 9 7 20.00%

Table 2 - BIM Success Case Study Data (Bryde, et. all. 2013)

The success criterion of this case study highlights the benefits of BIM in construction project while
indicating which benefits are most prominent. A direct comparison between the percentages of total
projects that positively benefited from BIM against the percentage of total projects that experienced

negative benefits validates the value of this technology and its main areas of provided improvement.

25



2.7 Underground Structures

Underground construction is a common way of maximizing subsurface space and
accommodating facilities of diverse functionalities. The functionality of underground construction is
mostly limited by the geological conditions of the site, but even so geological advancements and
modern construction methods enable a broad spectrum of usages for investors, cities, and industries to
explore.

To better understand the diversity of underground spaces, a classification system with groupings
by function, geometry, origin, site feature and project feature can be developed. Error! Reference

ource not found. provides the major categories for underground space.

Function Geometry Origin Site Feature Project Feature
Residential Type of space Natural Geography Rationale
Nonresidential Fenestration Mined Climate Design
Infrastructure Relationship to End use Land use Construction

surface
- Depth dimension to Ground conditions
Military . . . . Age
Scale of project building relationships

Table 3 - Major Classification Groupings of Underground Space (Goel, et. all., 2012)

Further classification can be done using any of the groupings showcased above, but a closer look at
geometry and site feature, more specifically on the relationship between structure and ground surface,
provides a comprehensive classification for underground construction in the civil realm.

Classification by the vertical dimension of the underground space, or its depth, allows all

underground spaces to be studied from a geotechnical and structural view. Table 4 below provides this

overview.
Term Typical Range of Depth Implied According to Use (m)
- - Regional .
Local Utilities Buildings Utilities/Urban Transit Mines
Shallow 0-2 1-10 0-10 0-100
Moderate 2-4 10-30 10-50 100-1000
Deep >4 >30 >50 >1000

Table 4 - Classification of Underground Space by Depth (Goel, et. all., 2012)

Beyond the geotechnical and structural considerations of underground structures, attention must
be given to the level-wise planning of underground space. With increasing depth, considerations such as

ventilation, lighting, acoustics and space distribution become more critical. Because of this, the depth of
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the underground structure is reflective of its intended use and purpose. Figure 15 provides a graphical

depiction of the uses of underground space based on depth.

Houging  Working

% @« pgu = @ Industry Technical
Traffic Infrastructure
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i I

Underground functions

Figure 15 - Feasible depths of different activities in urban structures. (Goel, et. all., 2012)
Considering the relationship of the underground space to the surface in addition to a dimensional

classification provides a better understanding of the use or functionality of underground structures.
These classifications are not exclusive of each other, and can be used in conjunction to reach a full

understanding of underground spaced.

Table 5 below provides four main categories under this consideration.

Description of Type of

Underground

Relationship between
structure and Ground

W\ ETMRVES

Effects on
Aboveground

Structure

Totally underground

Surface

Structure totally below
surface

Shelter, storage, urban
facilities, supply
management facilities

Environment

Preserves open space

Some floors
aboveground and some
floors underground

Structure uses both
aboveground and
underground space

Offices, pedestrian
walkways, parking,
warehouses, industry
substations

Aboveground allows
for sunlight, but is
restricted by height
limitations

Atrium-type structures

Structure incorporates
atrium(s), skylight(s), to
connect surface with
underground

Pedestrian walkaways,
residences, sports
facilities

Effective at preserving
scenery and space
aboveground

Underground
structures with shafts

Depends on shaft;
structures mainly
suited to an inclined
plane

Storage facilities,
residences

Preserves natural
scenery

Table 5 - Classification of Underground Space by Relationship between Structure and Ground Surface
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3.0 Methodology

The methodology chapter presents the proposed activities and tasks that our team will be performing
during this MQP, and how these will be accomplished. Throughout the project, our team will focus on
analyzing and evaluating four aspects:

1. City Square Project Management — schedule, cost/quantity, and communication analysis

2. Prestressed Alternative Design

3. Lean Construction

4. Axiomatic Design Decomposition
The execution of some of the activities mentioned above will require the use of software such as Revit,
Primavera, Acclaro, and Consigli’s Gateway system. For a timeline of when the team will be performing

each of the above-mentioned activities, refer to Chapter 4.0.

3.1 City Square Project Management

Working with Consigli Construction on a real-time construction project allows for the observation,
study, and analysis of the elements that are managed from start to finish. A large scale project such as
an underground parking garage in a downtown setting requires expertise to keep time and cost under
defined contractual parameters. Understanding how the project manager tackles this complicated task,
as well as how the key players communicate in a multi-party effort lead to the identification of focal
points that can be improved to the benefit of the overall project. This section discusses how will the
project schedule be analyzed as it changes throughout the duration of construction, how the original
agreed to quantities, labor, and cost change with the unexpected and how are these changes recognized
and dealt with, the effectiveness of the web of communication both internally to the General Contractor
and among all key player, and the coordination among trades and tasks throughout the interrelated

process of construction.

3.1.1 Schedule Analysis

One of the most important elements of a construction is its schedule. A comprehensive schedule

should include all necessary activities in the precise order they need to take place, provide information

28



into the duration of each activity, showcase various milestones throughout the project, and drive the
day to day activities of the field.

A master schedule was created for our project using software (Primavera 6) to include all activities
necessary for its completion along with their duration and sequencing. As schedules constantly change
to reflect the effects of site conditions, subcontractor coordination, and material deliveries among
others, an analysis needs a control schedule against which the changes in time can be measured. We
have selected the full project schedule updated September 15th to be the control schedule (Appendix
A), and will measure the time delta on a weekly basis against the 4-week look-ahead issued at the
owner’s meetings. Once we have a total delta, we will identify major reasons behind the delays, analyze
their impact, and provide recommendations as to how to minimize their negative effects for future

projects. A sample 4-week schedule can be found below:

E—
CONSI Look Ahead Schedule
10/7/2014
ACTHATY: 10/6 - 10/10 1013 -10/17 10/20 - 10/24 10727 - 10-31
SUBCONTRACTOR Y UnderGround Garage 1308 [ ’ \ ‘ \ \ [ ]
) miTiwlrlelmliriwlrlFimliTiwlTlelmiTiWITIF
Marois AS830 XXX XXX X X IX XX TXTX XXX I XXX X
cceicsa A3100 X
Novel A3200 XIXIXIXITXEX] X I XX | XX
csd A3210 | XIXIXIXIX |
Novel A3220 | | | XIXIX|X]|X
Bsc X | ] | XX
Marois AS450 XIXIX | | X
Marois As170 X | |
Marois A$420 | XX XX |
ManafortPrecision Manatort XX Xf X | ! |
Manafort-Precision AS450 XX XIXIXIXIX XXX XXX
Marois AS4TO |
Manatort-Precision A8420 | XXX TX XXX XIXTX X IXEX
csa AS870 XIXIXIXIX XIXIXIX] XX XX
Costello A8850 XIXI XXX
Warois A400 | XXX XIXIX]X | |
Marois A4170 1 XIXIXIXIX] |
Manafor-Precision A4080 1= [ [ XIXIXIX

Figure 16 - 10/07/14 Look Ahead Schedule from Owner’s Meeting

Additionally, we will analyze the logistics behind trades with a specific timeframe in the overall
construction. We will monitor how closely the trade manages to meet the schedule, how it works with
other trades and parties involved, the consistency with which materials and equipment needed are

available and ready to go on site, and how it manages or avoids potential coordination problems.

3.1.2 Cost/Quantity Analysis

Construction projects can be completed under several contractual agreements that directly
influence the way costs and quantities are tracked. In this project, Consigli will deliver as the general
contractor GC under a guaranteed maximum price (GMP). This GMP allots dollar amounts for each

activity necessary to the project, as well as allowances for potential overruns or the unknown, with a set
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ceiling or limit. The way Consigli tracks the progress of construction directly affects its cash flow and
billings, and is critical to the health of the GC, subcontractors, and project in general.

While tracking every activity provides an overview of the progress of the project, it would lack depth
in order to perform a critical analysis of the relationship between schedule, quantities, and cost. Instead,
we will focus on change requests and change orders and their impact on the cost of the project. Change
orders are written and approved orders for billable work not included in the scope of a project. (US
Legal, 2014) Change orders follow a process starting from identifying the need for wok to the billing of

the work performed. The following flowchart illustrates how change orders are managed in this project:

. Negotiate
(GC Rejects Change
el e
work/quarntity at

negotiatedrate GC Requests additio
established by GMP work/quantity at negotiated
rated estrablshin
Subcontractor Contract

CIMIILETS SubmitChange :
nee:;gucgrge Request bR negotiated rate; rablish
in Subcontractor Contract

Need of Does additionzl
Additional Work work fall under
Identified GC's scope?

RESPONSIBLE PARTY:

GENERAL
m CONTRACTOR SUBCONTRACTOR

Figure 17 — Change Orders Flowchart (enlarged version in Appendix B)

To analyze the impact of change orders we will use both weekly meeting minutes that includes the
updated Change Request Log by Status, and the logs stored on Consigli’s Gateway Server. A sample

weekly log can be found below:
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T Change Request Log by Status
ONSI ] Date 10/08/14
1308 City Square Underground Garage
Change
Number Date  Description Amount Order
'HANGE REQUESTS
Not issued
17-007 9/3/14 Addendum 2 Drawings and Specs
17-009 9/12/14 ASI #1 - Plaza Level Irrigation System
17-010 10/1/14 GMP Reconciliation for Early Release Work
Not issued Total 0.00
Submitted
17-002 7131114 Temporary Power for Parking Garage 24 .928.00
17-004 8/26/14 Continue De-watering operations until ready for Concrete 114,092.19 Q;/\/\ v
17-008 9/16/14 Install temporary soil support along N-line in lieu of underpinning 84,419.00
exisitng foolings
17-011 10/7/14 Demo and Replace section of Front Street bridge for access into 119,583.00
site
Submitted Total 174,184.19

Figure 18 - 10/08/14 Change Request Log from Owner’s Meeting
3.1.3 Communication

As the general contractor, Consigli is responsible for filtering information and keeping organized
records of changes or requests by any other party involved. While much of the internal communication
happens on a daily basis at the field office and job site, the communication between key players is
carefully documented and tracked. For our project, we will analyze the system used for documenting
important communication (RFI’s and Submittals) by looking at the turn over time between
engagements, the resolution of requests, and the impact to communication on the field.

Access to Consigli’s Gateway server will allow us to track any requests for information and their
progress throughout the project. Requests for information are particularly critical as they often
represent the need for a key player to clarify construction documents, intent, or specifications that can
hinder the physical progression of the project. All parties have different time tolerances for the
resolution of RFI’s, and this must be taken into consideration by the general contractor executing the
construction process. Similarly, we will be able to track submittals by subcontractors, vendors, or other
players and their effect on the schedule. Submittals are required by the inspecting agency, in this case
the City of Worcester, before any work can be done by specific trades or with specific materials. As a
part of the life-cycle of the project, submittals are integral links between planning and execution that
are easily traceable and identifiable. The following flowcharts represent the life-cycles of both RFI’s and

Submittals in this project.
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Subcontractor or
General Controctor

Fins an issue/problemor
need for detailed
explanation. Submit RFI.

Subcontractor Architect or Engineer

performs thework needed respondstoRFl with a

after receiving the solution or detailed shop
response fromgeneml drawingsto clarify the
contractor. problem.

General Contractor

reviews the response and

acceptsor sends back for
clarification.

Figure 19 - Life Cycle for RFl's
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Figure 20 - Life Cycle of Submittals
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To analyze the communications in the forms of RFI’s and Submittals by key players, we will use two

tracking charts, for RFI’s and Submittals respectively, in which we track their turnover time,

requirements, and impact on schedule. These can be found in Appendix C. We will use both weekly

meeting minutes that detail the updated A/E Outstanding Submittal Log and RFI Question and Answer

Log, and the logs stored on Consigli’s Gateway Server. A sample weekly log can be found below.

Consigh Censtreclicn Co., Inc

RFI Question and Answer Log 1012014
1308 City Souare Undangrowid Garage Page 1
Anzetad
iy Sinatus Date
16 Domeshe Water Pressure Hegulaling Valva Stalion Open Q2204
uestion; Currcnlly Bere s an wn-numberad detadl e P3.00 depicting & paesse segulativg vabve staban, Plumbing Deveings 9o eol camenily depict ihe
s of Lhis stalion, Mote, building walar feed is off of the bigh pressure walor service which averages 150051 stabie. Please adwse whelber a
peeasure regulaling valee slafion is dosirad
Answer;
[F
Forwand;
19 MERMA Enclosures lor WiEDs Dpaen WAL

i stion; Undarground Garage Spacifications daatalo e vse of NEMA 1 enclosues for intarios localed VDS and NEMMA X enclogines far oxlenor

Rotated WEDS, oy Ly do oot specilically assgn the anclosurns bepe o speeific pacs enuipment
Last Garage Mitigalan Specifications dictate tho uso of MEMA 4X anclosures lor WEs

Hlaasa confirm the lofowing:

= MEMA T Enclosaig fof GEF-1.1, 1.2, 2.1, and 2.2, provided VIFs lacated s Fan rooms 202203,

« MEMA 1 Enclosuie for GSF-1; provided VI leated in Gasage Main Electieal Feom 127,

- HEMA 1 Enclosure for VEF 1] provided YO located in Garage Emcergency Flecineal Roon 129,

- MEMA 4% Encloswe for Eost Gorage GSF-1 and 3 regardiess of localion due to existing condensation issuos.

Mibswici
o

Foawank;

Figure 21 - 10/08/14 RFI Q&A Log from Owner’s meeting
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3.2 Alternative Design

For more than 40 years, precast prestressed concrete has been the number one choice for
underground parking garages due to concrete’s greater strength, impermeability and superior durability.
(High, 2014. Using concrete reduces the potential for corrosion which is a critical setback for steel
structures. It is also a sustainable material due to their minimal waste and lower life cycle cost in terms

of construction, operation and maintenance since it does not require painting or tuck pointing

The structural design of an underground parking structure includes the determination of loads,
selection of framing system, the detailing and sizing of components and connections. Due to geometrical
difficulties in the design of the CitySquare underground parking garage, the analysis of the prestressed

design will focus on the north of 27 line. The focused area is highlighted in green in Figure 22.

ELAZAFRAMNGELAN of-

Figure 22 - The Focused Area for Prestressed Structural Design (Gateway)
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Although prestressed concrete allows it to be cast into wide variety of shapes and sizes, using

routinely produced custom designs and shapes will be more advantageous in terms of speed and cost of

the construction. (PCl, 2012) In Figure 23, the two common components in building applications are

illustrated. For parking structures double tee systems is more suitable due to longer span distances to

eliminate columns and provide unobstructed views through the levels.

G. Stairs

A. Loadbearing architectural spandrel
B. Exterior column

C. Double tee or hollow-core slab

D. Interior column

E. Inverted tee beam or Composite beam
F. Shear wall

| &

HOLLOW-CORE SLAB SYSTEM DOUBLE-TEE SYSTEM

Figure 23 - Common Component Systems in Prestressed Concrete Design (Foster et. al., 1997)

The steps for calculating the structural design of a prestressed structure is outlined as following:

Step 1: Identify Loads

Identify dead loads, live loads, snow loads, seismic loads used in provided construction drawings.
Calculate the load combinations for each level using the formulas provided in Figure 24.
Use the maximum load combination for designing prestressed members.
Assume maximum uniform loading per level.
o This conservative approach will lead to repetitiveness of prestressed member and will
have positive impact on cost and schedule.
o For example at the plaza level the maximum loading condition will be assumed for the

area of interest highlighted in red in Figure 25.
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D = dead load
. . D; = weight of ice
Load Comb'nat'ons E = carthquake load

F = load due to fluids with well-defined pressures and
maximum heights

1. 1.4D+F) F, = flood load
212D+ F+T)+ 1.6(L + H)+0.5(L, or § or R) H = load due to lateral earth pressure, ground water pressure,
or pressure of bulk materials
3. 1.2D 4 1.6(L, or S or R) + (L or 0.8W) L = live load
4. 1.2D 4+ 1.6W + L +0.5(L, or S or R) L, = roof live load
5. 12D+ 1L.0E + L 4025 R = rain load
§ = snow load
6. 09D+ 1L.6W +1.6H T = self-straining force
7. 09D + 1.0E + 1.6H W = wind load

W; = wind-on-ice determined in accordance with Chapter 10

Figure 24 - PCl Load Combination Formulas (PCl, 2004)

Figure 25 - Loading Conditions at the Plaza Level with Area of Interest Highlighted in red. (Gateway)

DESIGN
SUPERIMPOSED DESIGN
LABEL DESCRIPTION DEADLOAD LIVELOAD
EXISTING STRUCTURE 25PSF 250 PSF
NOTE4
nWAN ROADAYS AND SDEWA 25PSF 250 PSF SEE NOTES 1 THRU 3 BELOW
A 107 IGHT OF ASPHALT OR GONCRETE WITH NOTE4
GRAVEL SUB-BASE £225 PSF (SEE CIVIL)
PAVERS ATFLAZA 100PSE 250PSF SEENOTES 1 THRU 3 BELOW
" B " -PAVERS 25PsF
-SITLMINOUS BED 25PSF
-6 GRAVEL 50PSF
AT GRASS AREAS AND GROUND COVER PLANTERS. 25PSF 100 FSF SEENOTES 1 THRU 3 BELOW
C - 18" MAXIMUM DEFTH OF SOIL 175PSF
-6 GRAVEL 50 PSF
T TREE PLANTERS - CUTER 200PSF 100 PSF SEENOTES 1 THRU 3 BELOW
D - AVERAGE SOIL DEPTH <24 .......... 240 PSF
-6 GRAVEL 50 PSF
neEn 4T0PSE s0PSF * EXTENDS 40" FROM TREE TRUNK ON AL SIDES
E e o
50 PSF - SEENOTES 1 THRU 3 BELOW

Figure 26- Loading Diagram Key for Plaza Level, Assumed Maximum Loading Conditions Highlighted in Yellow (Gateway)
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Step 2: Preliminary Double T Beam Design

Use the existing beam frame layout dimensions 30ft. by 30ft.

3

<

»
»

<

N

e ——

-

[ ]
e Select a shape and prestressing layout from the PCl Design
Handbook load table shown in Figure 27.
e Check if the selected design can carry the calculated service
load.
e Test selected double tee beam for critical stress analysis and
deflections.
o Keep constant eccentricity throughout the beam
o

Use Excel spreadsheets for design process. (Appendix D)

Figure 27 - PCI-MNL Ch3 10DT24 Load Table (PCI, 2004)

W64 [40-4-40]

[£79-67] aa
W18x30{60]- +|:: 4"
WiBx4d 18 = —
- 3|
LT =
=
W80 [80] +C=314" =
% -
1x  Wiecspoj«csTs 19
T S T

Change it to Double T Beam

Strand Pattern Designation DOUBLE TEE Section Properties
No. of strand (12) 10°-0" x 24" Untopped Topped
r5=9“3'9h‘ D = depressed Normal Weight Concrete A = 449 in? -
128-D1 10-0° I =22469 in* 29396 in®
L yo = 17.77 in. 19.89 in.
No. of depression points 26" 5-0" 26" vy = 623 in 6.11 in.
Diameter of strand in 16ths 2"¢ | S%I-___ﬁ._._ Lz.. S, = 1264 mz 1,478 in.
Safe loads shown include dead load of 10 [ I — St = 3,607 in. 4,812 in.
psf for untopped members and 15 psf for T r wt = 468 plf 718 pif
topped members. Remainder is live load. 24" DL = 74 psf 72 psf
Long-time cambers include superimposed VIS = 135 in.
dead load but do not include live load.
—— 33"
Key
171 — Safe superimposed service load, psf fé =5,000 psi
0.6 — Estimated camber at erection, in.
0.8 — Estimated long-time camber, in. fpu = 270,000 pSI
10DT24
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand y=(end) in. Span, ft
center
Pattern | ¥+ in. } 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78
4.00 171 146 126 109 94 82 71 62 54 47 41 35 30 26
68-S 4.00 06 07 07 08 08 09 09 09 09 09 08 08 07 06
i 08 09 09 10 10 10 10 10 09 08 07 05 03 00
5.00 193 167 146 127 112 98 87 77 68 60 53 47 41 36 32 27
88-S 5'00 09 10 11 11 12 13 13 14 14 14 14 13 13 12 10 09
i 12 13 14 14 15 15 15 15 15 15 14 12 10 08 05 041
6.00 177 156 137 121 108 96 85 76 68 61 54 48 43 38 33 29
108-S E.UU 12 13 14 15 16 17 17 18 18 18 18 18 17 16 14 12
i 16 17 18 19 19 20 20 20 19 19 18 16 14 11 07 03 .
7.00 159 141 125 112 100 90 80 72 64 58 52 46 41 36 31 26
128-S : 16 17 18 19 19 20 20 21 21 21 21 20 19 18 16 14
7.00 20 21 22 23 23 23 23 22 22 21 19 17 14 11 06 0.1
11.67 100 90 80 72 64 57 51 46 41 37 33 30 26
128-D1 3'25 23 24 25 25 25 25 24 23 22 20 18 15 12
. 27 27 26 25 24 22 19 16 13 09 04 -02-09
12.86 68 61 55 49 43 39 36 32 29
148-D1 3'50 29 29 29 28 27 26 24 21 18
i 29 27 25 22 18 14 09 03-03

Figure 28 - PCI-MNL Ch3 10DT24 Load Table (PCl, 2004)
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Step 3: Inverted T beam Design 3
e Select a shape and prestressing layout from the PCI — >
e WTaAa0

[475-67] -
e Check if the selected design can carry the calculated -

P
W18xd0 [80] +C=314"

load table shown in Figure 29.

service load.

I L~ 7"
e Test selected double tee beam for critical stress % L =
FI'-'{-' =5
analysis and deflections. 3 W1BX40 [50] +C=3i4" =

o Use Excel spreadsheets for the design process.

(Appendix D)

*  Wi8x35[50]+C

. 7

Change it to Inverted T Beam

INVERTED TEE BEAMS

Normmal Weight Concrete

[ section Properties
— ; s h ha/he A 1 Ve S, S wi
Designation| . |mwin.| 2 | it | in. | n® | n® | pir
28IT20 20 iz8 ase 11,628 7.1 1478 87 aB3
2BIT24 24 1212 480 20.275 8.60 2112 1.408 500
2B8IT28 28 1612 528 32.078| 11.09 2,892 1.897 550
hy 2BIT32 32 2012 76 47,872 12.67 J.TTE | 2477 800
h 2BIT36 36 2412 a24 88,101 14.321 4,759 3,140 850
— 2BIT40 40 2416 736 93.503| 15.83 5,907 3.2680 TET
hae 2BIT44 44 2816 Ta4 124 437| 17.432 7.132 | 4,683 a17
1 2BIT48 48 3zMe a3z 1681.424| 19.02 8,460 5.582 a87T
2BIT52 52 3816 =1=2i 20«4 824| 20.76 9,869 6.558 o917
24" | 2BIT58 58 4018 aze 255,220 2248 | 11,354 | 7.614 o587
281T80 60 4418 a7 312.g66] 2423 | 12,012 | B.747 | 1.017
2 = 5,000 psi 1. Check local area for availability of other sizes. _
c T T . 2. Safe loads shown includs 509 superimposed dead load and S live load. B00 psi top
fow = 270,000 psi tension has been allowed. therefors, additional top reinforcement is required.
s in. diameter 3. Safe loads can be significantly inecreased by use of structural composite topping

low-relaxation strand

Key
6511 — Safe supernmposed service load, plif.
0.2 — Estimated camber at erection, in.
0.1 — Estimated long-time camber, in.

Table of safe superimposed service load (plf) and cambers (in.)

Desig-| Mo. |¥elend)in. Span, ft
~ ¥elocenter)
nation |Strand o 18 20 =22 24 26 28 30 32 38 40 42 a4 46 48 50
244 5076 4040 3260 2711 2252 1005 1817 1381
2820 | 98-S - 03 04 04 05 05 08 07 OF
2.44 0.0
P Z0al 1351 1176 1028
281T24 | 1885 27 07 0B DB OE
- o1 00 01 -0z
208 7970 Te73 1735 1530 1352 1197 1061
281T28 | 128-5 3o 0.5 0B ODE OE 02 08 0.8
- o1 01 00 00 —01 92 02
a7 2008 See1 2378 2110 1878 1673 1405 1357
281T32 | 158-8 il 0.8 07 DE OE 08 08 09 08
- o1 01 01 01 00 00 0.0 01
250 5287 3567 3183 2935 2534 2271 2040 1636
281T36 | 168-5 g 0.5 07 OF O 08 08 09 08
- o1 0.1 a1
221 5260 3300 Z256
281T40 | 198-5 P 0.5 07 0o
- o1 A o 0.1
a0 7080 G007 G165 5462 ZE50
28IT44 | 208-5 PN 05 05 068 06 0.6
- 01 01 01 o1 0.
255 G710 5535 7523 6676 547
28ITaE | 228-5 Py 04 05 05 06 0.9
- 01 01 01 041 a.1
g G097 B823 7E3E 3706
28IT52 | 2485 e 05 05 06 0.8
- 01 01 01 0.1
5307 T0ze
281TS6 | 268-5 P 0.5 0.8
- oz 0.2
5850
28ITe0 | 288-5 piped ; : a 0.4
- 02 D2 02 02 02 02

Figure 29 - PCI-MNL Ch2 Inverted Tee Members Load Table (PCl, 2004)



Step 4: Column Design

e Select a shape and prestressing layout from the PCI

Design Handbook load table shown in Figure 30.

e (Calculate axial and flexural strength (P,

interaction curve in Figure 30.

Mn)
e Check that the design is within the limits of strength

P 30 ft+ >
T i 561 ——
= : ‘

[47567] s
a '-f .
e
W18x40 {80] +C=3/4" —
g L 3 =
=1 =
2| 3
= W80 [80] +C=314" =
= S| -
| * WH8x35 [50] +C=T/5" Ei‘
I i

»

<

30 ft

Change it to Prestressed Concrete

PRECAST, PRESTRESSED COLUMNS

Figure 2.7.1

Design strength interaction curves for precast, prestressed concrete columns

CRITERIA

1. Minimum prestress = 225 psi

2_ All strand assumed 4 in. diameter, f,, = 270 ksi

3. Curves shown for partial development of strand
near member end where f, = e

4. Horizontal portion of curve is the maximum for
tied columns = 0.804P,

5. Varies linearly from 0.9 for tension-controlled
section to 0.65 for compression-controlled
sections in accordance with ACI 318-02
Section 9.3.2

USE OF CURVES

1. Enter at left with applied factored axial load, P,

2. Enter at bottom with applied magnified factored
moment, &M,

3. Intersection point must be to the left of curve
indicating required concrete strength.

1800
16 x 16
1600 4 Strands
1400 |
1200 [ - =
- ~. S
=~ ;=1
1500 o 0,000 ol
o
8 I-
= -
S =K 5
s 700gpe i
600 = i
\ ) J/
200 r'::;n()‘l -:5I 1
\‘ ' .l
200 Partlal ———|
(Development Full
Cevelopment
a |A 1
0 50 1600 150 200 250 300
abd,, ki

A

1800

1500

1400

1200

1000

B00

400

200

NOTATION
= Design axial strength

&M, = Design flexural strength

#P, = Design axial strength at zero eccentricity

= Gross area of column

= Moment magnifier (Section 10.11-10.13 ACI 318-02)

- 25" Typ.
(Assumed for Design)
G Strand

- 18 x 18
T 8 Strands
e e | = 100004
= = I
_ - f2= 8,000 psl|
= = 77 = 5000 pal
— |
f& = 7,000 psl i
= l -
. 2= 6,000 nog
| |-! I
7= 5,000 pal I
a ! -'r.
"
H II 4
Partlal — | [
Cevelopment X Full
| ) Lllt:--clop:"ncn'.
50 100 150 300 380 400

Figure 30 - PCI MNL Design Strength Interaction curves for prestressed concrete columns (PCl, 2004)
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Step 5: Connection Design
The connections are important consideration in the structural design of a prestressed concrete
structure since it transfers load, restrains movement and provides stability to the components.

1. Dapped- End Beam Connection
e The beams are designed as dapped-end which requires the investigation of several potential

failure modes. These failure modes are numbered and shown in Figure 31.

e The direct shear at the junction of dap will be avoided by providing shear friction reinforcement
composed of Ay and An. The diagonal tension originating from the re-entrant corner will be
avoided through adding shear reinforcement, Ash. The Diagonal tension in the extended end will
be avoided through shear reinforcement composed of A, and Av.

e The reinforcement sizes are designed separately using the Figure 32 in order to configure the

bar sizes and number. Use Excel spreadsheets for the design process (Appendix D).

()

‘.\’7 >/

() ()
2 8) /
7 ’ )
N = \
) %" Max. \
V, a + N, (h-d) h d
. = \24d Max
Al Sl As o D
) Sl / = H
p—— -
Ny
/_ Ash /—c.g. of Flexure\l‘?einforce men
A \

Y

\

tp H-D ta

Figure 31 - PCI MNL Potential Failure Modes and Required Reinforcement in Dapped-end Connections, Design Aid 4.6.3.1

(PCI, 2004)
ASTM STANDARD REINFORCING BARS
BAR SIZE® NOMINAL DIMENSIONS

DESIGNATION DIAMETER AREA WEIGHT OR MASS
U.S. CUSTOMARY sl in. mm in. mm’> Ib/ft kg/m

#3 #10 0.375 95 0.11 71 0.376 0.560

#4 #13 0.500 12.7 0.20 129 0.668 0.994

#5 #16 0.625 15.9 0.31 199 1.043 1,552

#6 #19 0.750 191 0.44 284 1502 2235

#7 #22 0.875 222 0.60 387 2.044 3.042

#8 #25 1.000 25.4 0.79 510 2.670 3.973

#9 #29 1.128 28.7 1.00 645 3.400 5.060

#10 #32 1.270 32.3 1.27 819 4303 6.404

#11 #36 1410 35.8 1.56 1006 5313 7.907

#14 #43 1,693 430 225 1452 7 650 11.380

#18 #57 2.257 57.3 4.00 2581 13.600 20.240

a. Many mills will mark and supply bars only with metric (SI) designation, which is a soft conversion. Soft conversion means that the metric
(Sl) bars have exactly the same dimensions and properties as the equivalent U.S. customary designation.

Figure 32 - PClI MNL Reinforcing Bar Data, Design Aid 11.2.7 (PCI, 2004)
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2. Corbel Design

e Corbels are used to resist moments by . +
P
1
providing fixity to columns and at the top of O
Plate or a I~
the beam. Angle v, .
— Ag
e The area of steel, A;, is calculated to resist Ny &4 l
- . A
shear friction and horizontal stress. 2 ! —a— _\ 24d
(Max.)
e The area of shear reinforcement parallel to hld (Min.) I
flexural tension reinforcement is calculated
Framing
using the formulas in (Appendix D). Bar LA,
—t
———  Welded @
@""T Cross
Bars |

Figure 33 - PCI MNL Chp 5: Design of Concrete Corbels

Figure 34 illustrates the integration of the prestressed components; double tee beams, inverted tee

beams, columns, corbel connections and dapped end connections.

INVERTED TEE BEAM

DAPPED END l i
CONNECTION

Figure 34 - Prestressed Component Illustration (WEI, 2010)
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Step 6: Checking Footing Size

e As it is shown in Figure 35, all of the foundations in this project are shallow. Majority of the

shallow foundations are either spread footings that a single column bears on a rectangular pad

to distribute the load over a bigger area or combined footings where multiple columns bear on

a rectangular footing. (Nichols, 2013)

o The allowable bearing pressure of the foundations in our focus area is documented as 2 tons per

square foot in the structural documents.

e With the new loads of prestressed structure, the contact pressure and stability needs to be

recalculated.

e The footing size can be altered by checking the closeness to the allowable bearing pressure.

T

3B5) (GB4] (GB)GAY)

TT TT

(GA.3]

T

/“‘;\I N
'@AJ 'xG‘a‘)E

T

LEVEL P1
PARKING

103

LEVEL P2
PARKING

Figure 35 - Partial Elevation in Architectural Drawings, (Gateway)
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Step 7: Altering the design for optimization

The preliminary design can be altered to optimize a better alternative design. Some of the
changes can be altering the bay or footing size in order to find the most cost efficient solution. The size
changes can be tested using the prepared spreadsheets in (Appendix D).

Step 8: BIM Visualization
e The final optimized prestressed concrete design will be illustrated in 3D digital model using
Revit software.
e The design will start with the drawing of foundations and spread footings using the
calculated foundation wall thicknesses, slab thickness and footing depths.
e The next step is erecting columns with designed sizes and attaching the corbel connections.
e Then the double t beams and inverted t beams will be connected using the dapped end
bearing.

e The final design in Revit will look similar to the Figure 36 when all of the components are
added and connected.

Figure 36 - Example Revit Design of the Prestressed Parking Garage (Force et. al., 1997)
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3.3 Sustainability

Efforts to reduce the impact of the construction industry have led to advancements in a diverse
range of sustainability concepts that are being gradually adopted more. This is particularly relevant as
our industry consumes about 60% of the raw materials of the US excluding food and fuel and generates
around the same amount of non-industrial, non-hazardous solid waste. (Choosing Green Materials and
Products, 2012) Additional to environmental considerations, sustainability efforts encompass variables
such as the durability of a construction materials to reduce additional cost to projects. According to
WRAP, an agency for the waste management of the UK, lifetime maintenance and management costs of
buildings can be five times greater than the cost of construction itself. (Optimizing durability and
lifespan, 2014) Our project will focus on performing a quick assessment on the durability of a steel
design against our precast design through methods such as life-cycle assessment (LCA) and embodied

energy analysis.

3.3.1 Durability

The useable life of a construction material depends on its properties, its manufacturing, its
usage, and its maintenance/management. All these variables can be tracked and quantified, allowing for
comparisons between materials that shed light into the sustainable practices and resources. This type of
tracking can be burdensome and convoluted for large scale construction processes that involve
materials from different locations, in different conditions, at different times, and for different purposes.
Thus, the right way to compare materials regarding their sustainability is by conducting a Life Cycle
Assessment (LCA) of a functional unit, e.g. a square meter of a concrete. (EUPave, 2014) For our project,

we will perform a life cycle assessment for both structural steel and precast concrete and then draw
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comparisons between them. A diagram providing an overview of life cycle assessment can be found in
Figure 37.

Product

Operational
Water

Construction
Process

Operational
Energy

Maintenance
Repair
Replacement

tnstalied Refurbishment

) Products
In Use

Figure 37 - Life Cycle Assessment Flow Chart (EUPave, 2014)

3.3.2 Embodied Energy

Interrelated with Life Cycle Assessment, an embodied energy analysis can add basis for
comparison between construction materials. All of these have to be sourced, manufactured, processed,
and then shipped before they are used on site. All of the activities prior to receiving a material amount
to a sum of costs, transactions, logistics, and handling that requires energy. With the rise in popularity of
the concept of sustainability across societies and industries worldwide, there has been an interest in
qguantifying the energy consumed by all the different processes and steps leading up to a construction
material being available. This concept referred to as embodied energy can be defined as the total energy
inputs consumed throughout a product’s life-cycle. (Cannon Design, 2013).

For this project, our focus is on the embodied energy encompassed in construction materials
used for the parking garage at their arrival for assembly. Thus, a more specific concept of Initial
embodied energy representing the energy used for the extraction of raw materials, transportation to

factory, processing and manufacturing, transportation to site, and construction will be analyzed.
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CRADLE-TO-GATE

‘ Raw material extraction

Transportation of raw material to factory

Product manufacturing

1
| —
! ﬁ Transportation of finished product to site
: Type of vehicle used and distance traveled affect embodied energy
'
.“ % Building construction
‘ ’ Energy used to operate machinery

'
1

| ﬂ Building life-cycle

1 nergy associated with maintaining and cleaning materials
I

I

S —— ‘ Material disposal
Il

Removal and disposal at end of material life-cycle

Figure 38 - Embodied Energy Analysis through Product or Material Life Cycle (Cannon Design, 2013)

Our analysis will consist in studying the difference between the embodied energy of the
construction materials currently selected for the construction of the parking garage, primarily structural
steel and concrete, and the energy encompassed in precast and prestressed members. To do this we will
research the extraction and manufacturing processes of both alternatives and will recur to common
industry sources and individual plants. We will use averages across the industry as a starting point, and

then will do more specific research for our project location and criteria. (Cole et. al., 1996)

EMBODIED ENERGY Shingles (asphalt) 9.0 4930
MATERIAL MJkg | MJ/m3 Plywood 104 5720
Aggregate 0.10 150 Mineral wool insulation |  14.6 139
Straw bale 0.24 31 Glass 159 | 37550
Soil-cement 042 819 Fiberglass insulation 30.3 970
Stone (local) 0.79 2030 S‘leel 320 251200
Concrete block 0.94 2350 Zinc 51.0 | 371280
Concrete (30 Mpa) 1.3 3180 Brass 62.0 | 519560
Concrete precast 20 2780 PVC 70.0 93620
Lumber 25 1380 Copper 706 | 631164
Brick 25 5170 Paint 933 | 117500
Cellulose insulation 33 112 Linoleum 116 150930
Gypsum wallboard 6.1 5890 Polystyrene Insulation | 117 3770
Particle board 8.0 4400 Carpet (synthetic) 148 84900
Aluminum (recycled) 8.1 21870 Aluminum 221 515700
Sed(mcky) |69 | SI0| e et e

Table 6 - Construction Materials Embodied Energy
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3.3.3 LEED

Leadership in Energy and Environmental Design is a voluntary rating system that asses the level
of sustainability in buildings and motivates owners to be environmentally responsible by using resources
efficiently. (PCl, 2009) This point- based system has 5 environmental categories: Sustainable sites, water
efficiency energy and atmosphere, materials and resources, and indoor environment quality. Points
awarded when a specific intent is met. A building is LEED certified with silver, gold or platinum when
ratings are awarded for at least 50, 60 or 80 point out of 110 points, respectively. (PCl, 2009)

Comparing possible LEED points between steel structures and prestressed concrete structures,
will be an adequate way to assess the levels of sustainability. When more points are earned, the lesser
the environmental impact of the building to its surroundings. For structural design, LEED project
checklist can be created by using submittals from the CitySquare parking garage project or obtaining
general contractor’s documentation of LEED points. For alternative design, an analysis like in Table 7 will

be created and applicable points will added up for comparison.

LEED Category Credit or Prerequisite Potential Points

Sustainable Sites Credit 5.1: 5ite Development—Protect or Restore Habitat

Sustainable Sites Credit 5.2: Site Development—Maximize Open Space

Sustainable Sites Credit 7.1: Heat |sland Effect—Mon-Roof

Sustainable Sites Credit 7.2: Heat lsland Effect—HRoof

Energy and Atmosphere Prarequisite 2: Minimum Energy Performance —
Energy and Atmosphere Credit 1: Optirmize Energy Performance 1-19
Materials and Resources Credit 1.1: Building Reuse

Materials and Resources Credit 2: Construction Waste Management 1-2
Materials and Resources Credit 4: Recyded Content 1-2
Materials and Resources Credit 5: Regional Materials 1-2
Indoor Environmental Quality Credit 3.1: Construction Indoor Air Quality Management Plan-During Construction

Indoor Emvironmental Quality Credit 4.6: Low-Emitting Materials—Ceiling and Wall Systerms

Indoor Emvironmental Quality Credit 8.1: Daylight and Views—Daylight

Indoor Environmental Quality Credit & 2: Daylight and Views—\iews

Indoor Environmental Quality Credit 9: Enhanced Acoustical Performance

Indoor Environmental Quality Credit 10: Mold Prevention

Innowvation in Design Credit 1: Innovation in Design 1-5
Innowvation in Design Credit 2: LEED Accredited Professional

Regional Priority Credit 1: Regional Pricrity

Table 7 - LEED Project Checklist: Precast Concrete Potential Points (PCl, 2009)
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3.4 Lean Construction

Lean construction is a process based on the concepts of lean manufacturing, which aims to remove
all non-added value to the project, in order to deliver the customer needs in a more efficient, timely,
and cost-effective manner. Lean concepts can be applied to different objectives and activities in a
construction project to maximize value and minimize waste. Waste can be defined as anything that does
not contribute to the value of the end user and is often categorized in 8 forms (n.a., 2010):

1. Under-utilized people - not using people’s skills and knowledge effectively
. Waiting - wait time for an activity, material, etc. to be completed
. Defects - rework or anything that needs to be discarded

. Overproduction - having more than needed

2
3
4
5. Motion - movement that does not add value (trucks, materials, people, etc.)

6. Inventory - anything in excess that is not being utilized

7. Transportation - movement of people, information, and materials around the organization

8. Over-processing - additional effort that does not add value to the customer

Our team will evaluate the current project management and design, as well as the alternative design
that we will propose, based on specific lean concepts to reduce waste. This evaluation will be
accomplished by on-site observations of the project development and a series of questions that will be
address to the Project Engineer, Project Manager, and the Superintendent.

Following the evaluation of each component, we will develop a compare and contrast analysis to
determine which aspects of each design are utilizing lean concepts in an effective way, and which ones
could be improved. This will allow us to formulate recommendations for further improvement on the
project and removal of non-added value operations. The lean concepts that will be used for this

evaluation are: (1) communication and level of understanding, (2) prefabrication, (3) Inventory, (4) Just

in Time, (5) Kitting and five S’s, and (6) Pull system. These are explained below:

(1)Communication and Level of Understanding - Often times, effective communication between the

different counterparts in a construction project is lacking, which leads to setbacks in the production,
delivery of materials, and goal completion, amongst others. The current practice encourages
participants to perform in their own silos and areas of work, but sometimes it does not align them
towards the end goal of maximizing the end value and decreasing waste. In many cases, productivity
improvements in each silo lead to even more unpredictable workflow because collaboration is limited

and as mentioned before, lean construction should be applied to the entire process of a project, and not
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just a specific section. Figure 39 shows the traditional approach (left) to a project where the different
silos are hired as the project progresses. However, a lean project would involve all the key players since

the first phase in order to reduce waste in the overall project, as depicted in the graph on the right.

Traditional Approach Integrated Project Delivery

Level of Common understanding Level of Common understanding
........ o T 100%
-
., . o
c Pre-Construction Services ConstnSHEE c -Construction Serv Construction
g / g
mo } i 7 mo
a2 g ‘Architect Hired / 2 g Hired
43| Ji=
Jz’ g Engineers Hired 1 Iz’ g Hired
o g
=4 P ST HUT > 7 [=] .
=
) CMIGC Hired / S rs Hired
PRI SO > p 7 riem EiEs
oS E R B B A
-_- -
NN N T W er] PO PO PP OTOT DO PURO RO SOV I T T T T LT T LTI S e >
SD DD CD Time Time
McDonough Holland & Allen PC ® William Lichtig 2010 Used with parmission

Figure 39 - Traditional Approach vs Lean Approach

Our team will evaluate the current project design and management based on this concept to
determine the best practices for communication and understanding across all the key players in the
project. Recommendations for improvement on this aspect will be provided.

(2) Prefabrication - In many projects, pre-fabricating certain objects or using materials that can be

assembled outside of the project site, can significantly save time and space. Prefabrication can lead to
better safety, a cleaner project site which reduces waste, and more space to assemble the parts; all
which can benefit with the construction time and efficiency of certain activities. The construction of the
parking garage is facing a big challenge with the space available at the project site to hold materials and
progress on the construction, due to its location in downtown. The team will evaluate the impact that
utilizing prefabricated concrete can have on the time and space at the project site, as well as the
improvement on efficiency it may have.

(3) Inventory - Having too much inventory is always an issue because it is considered waste and reduces
the workspace available. With the current design of steel, many of the materials will be received and
stored on site as they get used and placed on their respective location. However, with the alternative
design of prestressed concrete, prefabrication will be an advantage and can potentially improve and
reduce the amount of inventory. The site does not have much space available to hold the materials and
machinery, and still operate efficiently while not disturbing the operations in the downtown area. The
team will analyze the inventory on-site based on the two designs and determine which one is more

effective.
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(4) Just in Time - Delivery of the materials at the right moment is crucial for the efficiency of the project
and to reduce waste, time, and cost. With the goal of reducing the amount of inventory, just in time
delivery of materials will be essential to utilize the materials when needed (pull), rather than having
them on site. This would give us no laydown and no truck staging outside of the site, a crucial element in
this project due to its location. With a material such as prestressed concrete, the delivery of the slabs
when needed will impact the efficiency and progress of the project. We will evaluate the delivery of
materials for both designs and determine which are the critical elements for each activity.

(5) Kitting and 5S - When applying lean concepts to a process, 5S can be a simple solution to a lot of

drawbacks. The five S’s include: (1) sort, (2) straighten, (3) shine, (4) standardize, and (5) sustain. Sorting
allows you to go through everything in the work area to keep what is necessary and discard the
materials that are not used. Straightening and shining includes identifying items that go together,
organize them, and arrange them for an effective retrieval. Standardizing and sustaining will allow you
to determine the best practices to not fall into old habits and educate people about maintaining those
standards. Kitting reduces the inventory levels and increases the operator’s effectiveness. It decreases
the space needed for material storage, reduces the overall deliveries, and ensures ease of access to
materials. Our team will evaluate the project site in terms of their effectiveness of usage and storage of
materials on site. Based on the outcomes and performance, we will provide recommendations to
improve such practices. Better storage and organization of their materials can impact the staging on site,
accessibility to the site, and the equipment usage and rental.

(6) Pull system - The pull system is perhaps the most common concept in Lean process improvement.
This system is based on the “Last Planner Method” (LPM) instead of the common scheduling method of
CPM. This method is designed to “integrate ‘should-can-will-did’ planning and activity delivery of a
project”. (Sayer, 2012) The LPM empowers the person who is making the job assignments to direct and
communicate with the workers, enabling a constant communication vehicle with everyone. One of the
key components to the LPM is the learning aspect of it, where you identify any failures and the reasons
behind it. Instead of pushing the schedule out more in order to accommodate for more time to
complete tasks, you act on the reasons for those failures and work with everyone to improve them and
avoid repeating the same mistake to keep the project on schedule. Our team will be doing an evaluation
of the current and proposed schedule based on the LPM concepts to identify what type of system is
being utilized and if there are any areas for improvement in the schedules. Figure 40 and Figure 41

below illustrate the Last Planner Method and compares it to the traditional CPM scheduling.
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Last Planner™ Method

5 Connected Conversations

Master Scheduling
Milestones

) Set Milestones, Set Strategy,
Identify Long Lead Items

Should

Phase “Pull” Planning > Specify handoffs, Indentify

Operational Conflicts

Ca n Make Work Ready » Make Ready and Launch
Planning replanning when needed.

Will Weekly Work Planning »  Promise

Dld > Measure PPC and Act on

Reasons for Failure

"CPM is the tool for you if you believe what you know is more important than what you can learn, and if
you prefer being ‘In Charge’to getting the project done, and if out-of-date plans are more useful than a
team prepared for action.“— Greg Howell

Figure 40 - The Last Planner Method outline (n.a., 2009)

Last Planner vs. CPM Scheduling

The primary function of scheduling and planning is optimizing production.

Last Planner™ Method

Traditional CPM Scheduling Five Connected Conversations

(Command and Control)

Master Schedule Development
(Consultant)

Master Scheduling
Milestones

Look Ahead and Resource
Scheduling

B s B

I Monthly Updates I

Make Work Ready
Planning

M Driv

Constant

Weekly Work Planning
(by Foreman and Supts)

Learning

Figure 41 - Last Planner Method vs. Traditional CPM Scheduling (n.a., 2009)

Based on the six Lean concepts that have been outlined above, our team will conduct a compare
and contrast analysis between the two methods to better understand the areas of improvement in each
method based on the Lean concepts. It will also allow us to capture those key activities in which the
current construction method is already being efficient and has low waste.

On Table 8 below, our team has created a chart which includes the six Lean concepts described

above and the areas in which we believe these will have the most impact and influence. After
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conducting our evaluation, we will revisit the chart to determine if there are any other areas of high

impact.

Activity
Design Phase X X 2
CPM Schedule X X X 3
4 Week Look Ahead X X X 3
Subcontractor Preliminary Bidding X X 2
Descoping Subcontractor X 1
Staging on Site X X X X X 5
Accesibility to Site X X 2
Equipment Rental/Usage X X X 3
Submittals X X 2
RFI's X 1
Change Request X X 2
Substructure Construction X 1
Shell Construction X X 2
Site Work X X 2
Services (HVAC, Electrical, Plumbing) X 1
Finishes X 1

Total| 7 4 9 3 4 6

Table 8 - Lean concepts’ impact on project

3.5 Axiomatic Design Decomposition

In this section of the paper, our team will utilize the concepts of axiomatic design decomposition
to analyze a specific problem of the project or design. Axiomatic Design is an approach to engineering
design based on two axioms, or laws, which assures that the most effective design is being utilized. Our
team will implement this concept to the construction project to look at the potential impact on the new
alternative design. The section will include an introduction and state of the art for the concept and will
explain its relatability to a construction project.

The first step will be to identify the specific problem, which could be a financial aspect with the
GNP, logistics in the site, delivering materials, or any other key activity in the project. Currently, our
team is evaluating the possibility of applying the axiomatic design concepts to the span length of the
alternative prestressed design that will be developed. This is a critical component in the alternative
design, as it may impact the existing dead loads and foundations. Since concrete is heavier than steel,
we will utilize the axiomatic design decomposition to guide our decision-making process to create the
most effective parking structure, in terms of maneuverability, cost, and schedule.

The second step will be to decompose the problem, to essentially determine the parameters of
the design based on “what we want to achieve” and “how we want to achieve those goals”. This will be

accomplished by looking at the functional domains of the design and determining the design parameters
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based on them. It will be essential to identify functional requirements which are independently
adjustable and will not require further decomposition. Likewise, they will have to be collectively
exhaustive.

The final step will be to create a matrix to determine where the FR’s interact with each other in a
positive or negative way. The matrix will allow our team to have a visual representation of the design
and determine if it will be the best alternative or not. In order to conduct the axiomatic design
decomposition our team will utilize Acclaro, a software designed for this purpose. This will aid with the
decomposition of the problem. The end goal of the axiomatic design decomposition is to utilize this
method to decompose a problem or activity in a construction project and demonstrate the application

of its method and usability to different fields.
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Deliverables

Over the course of the next two terms, our team plans on completing all of our methods to provide
an alternative design for the underground parking garage. We will conduct an analysis of the current
project management, focusing mainly on the effectiveness of completion of the schedule, cost,
organizational leadership, and logistics of the project. The team will create an alternative design for the
project, utilizing prestressed concrete instead of steel. A schedule, cost, and sustainability analysis will
be done for this alternative design, and will be compared to the actual construction of CitySquare’s
underground parking garage.

Moreover, Lean Construction concepts will serve as a benchmark to evaluate the current project
management and design proposed, as well as the alternative design that the team will create. By
evaluating both designs based on the same criteria and concepts, we will be able to identify areas of
improvement were lean concepts can be applied increase the efficiency and remove any waste. A
comparative table with both designs will be created to provide a more illustrative demonstration of the
analysis conducted and results gathered.

Finally, the axiomatic design method will be utilized to identify a key activity in the alternative
design and apply the methodology behind it to decompose the problem. The proposed activity to which
it can be applied is the span length of the alternative design, a critical component which can impact the
total cost and scheduling of the project. The end goal will be to demonstrate the application of its
method and usability to the construction management field.

After completion of our methods, our team will present the results, recommendations, and
conclusions of our project with a report and final presentation, which will be delivered to our project

advisors and sponsors.

MQP Timeline

The following timeline depicts the milestones and steps that our team will be working on for the next
two terms. Although the schedule may fluctuate a little as the project progresses, we will work to the
best of our ability to remain within the proposed timeline in order to deliver the project report and

presentation in a timely manner.
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B Term I CTerm D Term

Task

Schedule

Project Change
Management Management

Communication

Structural Design
Alternative
Design Cost and Schedule
Sustainability
BIM Visualisation
Apply Concepts
LEAM
Evaluation
Identify a Problem
Axiomatic | apply Methodology
Design
Decompasition| Matrix Analysis
Evaluation
Finalizing the Report
Final Presentation

Independent Instance

Contunious Instance

Optional Work

Figure 42 - Project Timeline

From the proposed timeline, we can identify that B-term and the first weeks of C-term will be
focused on gathering data, conducting observations, and doing the evaluations. During the final weeks
of C-term, the team will work on drawing the conclusion and recommendations and finalizing the report

as our final deliverable. This will then be presented to our project advisors and sponsor.
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Appendix A: Consigli Primavera Schedule - 09/15
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A5080
A5410
A5400
AS5830
A5850
A5840

AB4T0

A5310
A5190
A5130
AS500
A5540

A5510
A5180
A5520
A5250
A5300
A5270
A5340
A5330
AS570

AS5530
AS5260

A5590
AS5600
AS5610

A5620
A5060
AS5050
A5120
A5200
A5110

A5280
A5220
A5070
A5210
A5290

Drill Dewatering Wells

Install temp power to run dewatering pumps

Dewatering to lower ground water level below bottom of footings
17-004 d tering operations on site until ion start
Demo and Remove Section of Front Street Bridge

De-watering operations continued during concrete operations

Latex Topping Slabs - Slope to Drain at Infills
Demo & Prep Air Shaft

Install Floor Grating in Air Shaft

Install New DSP Riser From Level B2

Install Duct in Air Shaft

Rough-in New Dry Sprinkler Lines level B1
Install New Supply Duct Level B2

Install new Supply Duct Level B1

Frame and Sheathe at Perimeter Wall Infills
Install New Fans in Air Shaft

Install Compressor and DSP Valve Assemblies
Rough-in Electrical to New Fans

Rough in Controls to New Fans

Install New CO Detectors Level B2

Stucco Wall Infills

Install New CO Detectors Level B1

Testing of New DSP System

Start-up, Pre-Functional and FPT Testing
Paint Perimter Infil Walls

‘Substanital Completion of East Garage

Excavate Initial Cut and Haul Off - Balffield
Cut-off end of existing footings along N-line
Install Temporary Support of Excavation along N-Line Footings
Excavate For Deep Pits Mear GG Line
FRP Deep Pits Near GG Line - Ballfield
Backfill Deep Pits near GG Line

Excavate Deep Pits Near GE Line
Excavate and Remove Ramp

FRP Deep Pits near GE Line - Balffield
Backfill Deep Pits Near GE Line

Excavate to Bottom of Footings - Zone 1
FRP Footings - Zone 1 - Ballfield

Install Underslab Plumbing - P2

Excavate to Bottom of Footing - Zone 2
FRP Footings - Zone 2 - Ballfield

Backiill Footings - Zone 1

Install Rigid Insulation Underslab - Zone 1 - ballfield
Excavate to Bottom of Footing - Zone 3
Backfill Footings - Zone 2

FRP Footings - Zone 3 - Ballfield

Backfill Footings - Zone 3

Erect Structural Steel - Ballfield

FRP Level P2 SOG - Ballfield

Place Deck & Shear Studs - Ballfield

FRP Level P1 - Slab on Deck - Ballfield
FRP Level Plaza - Ballfield

Wood Beams at Head House - Core 1
CMU at Core 1

Fire Protection Rough-in

MEP Rough-in and Installations

Wood Beams at head House Core 3
Install Storefront at Head House - Core 1
Install Storefront at head House - Core 3
Interior Finishes at Head House - Core 1
Install Deck Waterproofing at Upper Deck Only
Interior Finishes at Head House - Core 3
Install Metal Stairs & Handrails - Stair 1
Frame, Sheath, Watertight Enclosures at Shafts
Paint at Stair 1

Install Metal Stairs & Handrails - Stair 3
Pave, Curb & Stripe at Eaton Place
Landscaping and Site Improvements
Startup, Pre-Functional and FPT Testing
CMU at Core 3

Install Elevators - Balifield

Paint at Stair 3

Punchlist Activities
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30-Jun-14A
14-Jul-14 A
17-Ju-14A
05-Aug-14A
22-Sep-14
23-Sep-14

18-Now-14
18-Now-14
03-Dec-14
03-Dec-14
10-Dec-14
10-Dec-14
24-Dec-14
02-Jan-15
02-Jan-15
09-Jan-15
0g-Jan-15
16-Jan-15
16-Jan-15
23-Jan-15
23-Jan-15
30-Jan-15
30-Jan-15
06-Feb-15
13-Feb-15
23-Feb-15

07-Ju-14A
1-Aug-14A
08-Sep-14
29-Sep-14
06-Oct-14
03-Now-14
10-Nov-14
18-Now-14
18-Now-14
17-Dec-14
24-Dec-14
02-Jan-15
09-Jan-15
16-Jan-15
23-Jan-15
30-Jan-15
06-Feb-15
13-Feb-15
13-Feb-15
23-Feb-15
16-Mar-15
16-Mar-15
23-Mar-15
10-Apr-15
13-Apr-15
27-Apr-15
11-May-15
11-May-15
11-May-15
11-May-15
18-May-15
18-May-15
26-May-15
26-May-15
26-May-15
02-Jun-15
02-Jun-15
02-Jun-15
16-Jun-15
16-Jun-15
23-Jun-15
23-Jun-15
08-Juk-15
15-Juk-15
26-Aug-15
10-Sep-15
24-Sep-15

08-Juk14A
16-Juk-14 A
05-Aug-14A
22-Sep-14
03-Oct-14
16-Jan-15

24-Now-14
02-Dec-14
09-Dec-14
09-Dec-14
23-Dec-14
31-Dec-14
31-Dec-14
08-Jan-15
22-Jan-15
15-Jan-15
29-Jan-15
22-Jan-15
29-Jan-15
29-Jan-15
12-Feb-15
05-Feb-15
05-Feb-15
12-Feb-15
20-Feb-15
27-Feb-15

12-Aug-14 A
19-Aug-14 A
16-Sep-14
03-Oct-14
31-Oct-14
07-Now-14
17-Now14
24-Now-14
16-Dec-14
23-Dec-14
31-Dec-14
29-Jan-15
05-Feb-15
22-Jan-15
12-Feb-15
05-Feb-15
12-Feb-15
20-Feb-15
20-Feb-15
13-Mar-15
20-Mar-15
10-Apr-15
10-Apr-15
30-Apr-15
24-Ppr-15
08-May-15
15-May-15
01-Jun-15
08-Jun-15
07-Juk-15
22-May-15
22-May-15
01-Jun-15
01-Jun-15
22-Jun-15
08-Jun-15
15-Jun-15
07-Juk-15
22-Jun-15
29-Jun-15
14-Juk15
04-Aug-15
21-Juk-15
04-Aug-15
23-Sep-15
16-Sep-15
07-Oct-15
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Change Order Flow Chart

Appendix B
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RFI and Submittal Tracking Sheet

Appendix C.
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Appendix D: Alternative Design Example Spreadsheets

47
48
4
a0
A1
52
]
5
2
A
)
B
s
&0
E
E
E
B4
ER
EE
3
E
E:
7
¥
iz
T3
T4
76
TE
E
T8
il
an
il
azr

=

2238237

Sa I

222 R3

A ] c o E
Properties of Concrete

fe'(psil= 6500

feilpsi)= 5000

Density of Correte (Ibift'3) = 50 —

Ec'= 48877334 33 < w B [F7
N

Eoi= 42EEB2ET 33 2 w 1T N.';;’

Section Properties

Rectangular Beam

Wwidth,b linl = 60

Height h (in) = 42

Length (in] = 340

Arealin2)= 2368 bxh

Inertia fir'd) = 3343206 T,

ch=ctlin] = 23 o ot

Section Modulus, Sb (i3] = 546,986 ° St=

Yolume!Surtsce fin] = 5.152

Prestress Losses

Elastic Shontening

Ke 1

Keir= 0.9

elinl= . 13

Msw [kinl= a3 L7 18130

]

foir [prsi)= ®29.4218 fur

ESlpsil=  ps= 10532846

Shiinkage of Concrete

Ksh= 1

Pielative Humidity [RH) = 75 Design Aid4.11.12

SHIpsil= 4025,3433

SH = (8.2 x 104}k E (1 - 0.06V/5)(100 — BH)

TOTAL LOSS (PSl)=

24803.29
70,2723

P, — (TL*# of strands * A_,)

Criticatl Stress Calculations

Fze = (0.7« fpu) ksi
Tl= [Tranifer Length -in]=

163
34 Design Aid 15 3.4

Ps foices after losses

1312343331

F G H | 4 K
Properties of Prestressing Steel

Fpulhai) = 270
Mumber of Stands = 48
Aps (in'2) = nz1
Eps (psil = 2.85E+07
Fill)= 968,624 0.7 = A, = #of strands = f,.,

Loads
Live Load (ki = E
DeadLosd (k) = 25|
Sl Weight kif) = 7 466667

13

25763.12308
Creep of Concrete
Kor Z
Ml ikp-in) = 18375
s (psil = [T
TR (psi) = £845 627 < =

R = Kep (L225) ety — Foad

Relazxation of Tendons

13
o7

5000 From Table 5.7.1
0.04 From Table5.7.1

0.75 Table5.7.2
3096567 RE = [Koe — J(ES + CR + SH)IC

Transfer @ Release

Msu 1 (k-ir)= 2616.5222 W :‘ Te o (. — Ty = 12

feilksil= 243531533 = for=
ESir (ksil= 16.608412

LoszEStikl 17239322 (ES7T X A,, X #of strands)

Foilk)= 1735.6308 £ — ES o

[Midspan @ Release

Mz lk-inl= 1130

ESm (ksil= 10.532846

LossESm (k) 1iz.63d32 ESar > A,y > #of strands
Poalk)= 1355, 7391

Midspan @ Service

Mz (kein= 18130)

Mszow (k-in)= 15375

M (k-in) 14700

Ps(k)= 17717616

Transfer @ Release mdspan @ Release Edspan @ Service
""""units are in psi fa 3 3 [} e
Poli TEE.29002 7552900247 7 7836347133 TEIEITIEE 7 7482101351 7482101
Po.el5 23541105 = -1324.256562 3053.08133 -3053.081183 7 231484203 -2314.642
MswlS -243.8761  109.3237886 -1569.834761 1563.834761 T -1569.834761 1569.835
MsdliiS o o a o -1531.0457d4 1531.043
MIIS 1] 1] 1] 1] -1272.838935 1272.839
Total 3465.5247  -456.6427456 2266.34 1141 -633.5517143 -T70.670335 2267.091
PCI Limits 3500 -530.3300853 3500 -530.3300853 -604.663331 4550
Limit Check In Lw " Cla_ss L Iy Lw Cla_ss T Cla_ss T I Lirmits
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225 in

N - PL"L:
Deflection Calculations
el
Camber linl- FAEITE I
Dt e ta S fin) = nazser| 38,
Dt e 1o SOL (in) = 08250206 2ot
T Urcracked IBHET, Jf Cracked
[Cefaue o L in) = EEEE Srlin= W] d, =e+te
TS P .001EEze) Ay, X #of strands
- 0.037| Design Aid 5.1¢.11 bxd,
o i )= 654704.54) I =cxbxd,’
Enceedingstiess (psil= 166.0010033)
Live load inlmit (psi] = 110683735}
Peroentage of the: L in limit 86 9582088 )
live loadin Class Ll kipit) = 1 733184176}
Def g linl= 0 573339205}
Percentage of the snceedin LL 12.04179m13)
Enceedinglivs load (kiplfd = 0.260835824)
D, Ic = 0.044034028)
rotal def dus o L (in) = 0.517573232]
If Uncracked If Cracked
T Peleaze  Mukipher 21 Er=ction Tligliet T3 Final TReleaze  Muligher (2] Erection Muliglier (3 Final
Camber 3,899 2.450 5.307 Camber 216 1800 5839 2450 5307
s -0.928 1850 AT 2700 -2.508 s 0328 1880 1717 2700 -2.508
wsd -0.625 3,000 -2.475 wsd -0.825 2000 -2.475
wl -0.560 wl -0.61
1357 -0.334 1357 -0.232]
[Total Deflection 1691 [rotal Defection 1.648977
1k
115
16 Connection Design
17 |fu lksil = [=10]
8 |fus (ks = B0 _
13w (k= 915 ”r?:_, = 1-2LSH.-' T DE.:' + 1E6LL
20 |Wuikl= 3206 . W, x L
121 |Muikl= E4.12 "V 7 Ny =02x ¥
122 |Lambda= 1
Reinforced Concrete Bealing
5
185 1 [ a
Ay ===l =+N;
i TR Lvd Y
4. 3052341
= 1 Table5.3.1
Me= 92745165 1000 x Axbxhxy
Me = ] = V, % 1000
Man Me = 23 Tabl=5.3.1
A’ lir 2] = 30626922 Ab=_—L 4
Ciitical As (ir°2) 43032341 ]
[1ED) # EARS 5'3
5 Ok
1.7875556 A
3#5
186 Ok "y
71244444 4, =
B#7 M
T2 w3 "
-0.032668 4, = —
T2,
n Ok 26T
Cheh Vn (k) = TZEAEZ 1, = o | ALf, +AF + e
Ok o o 1 1000
Ld &h (in) = 225 Design Aid 15.4.4
Ld Aslinl= b Design Aid 15.4.4
Anchor For Az [in] = 62.5 Ly=H+d+l,
#
L -— 5I T- L| [] L
] - m » ]
- 3#5
R
[
M-
T
- -
H-
L 3 2
e m—
L 2.5 in
L [] L]
" m =
" . =
" m =
O n
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Appendix E: Site Visit Photos
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Appendix F: Construction Drawings - CitySquare Underground Parking Garage
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