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EXECUTIVE SUMMARY:

Purpose

This Pro-Con Structural study of alternate floor systems has been developed to compare
floor systems which may be considered for use in the Massachusetts General Hospital
project “The Building for the Third Century”.

Building Description

The B3C hospital facility contains 530,000 square feet total including: 162,300 square
feet of patient bed space, 45,900 square feet of mechanical, and 114,900 square feet of
procedural space. The facade of the building is mostly glass. The main structural system
consists of a steel moment frame with composite metal deck flooring. The columns
transfer load through concrete load bearing elements to bedrock. The systems are being
constructed in a manner which allows for fast track construction to ensure that the
hospital will become operational in a timely manner.

Floor System Comparison Conclusion

Further study of Hollow Core Plank and Non-composite floor systems should be
conducted based on the criteria of construction, cost, and architectural influence. One-
way and two-way concrete systems present too many obstacles to be considered viable
options for construction on this site for the current architectural design. A table is
provided at the end of the report summarizing the criteria considered.
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Massachusetts General Hospital —Building for the Third Century
Pro-Con Structural Study of Alternate Flooring Systems

55 Fruit Street
Boston, MA 02114

INTRODUCTION

This comparative structural study of alternate flooring systems contains information about the
existing floor system as well as three alternate floor systems. Flooring systems will be developed
in a schematic manner but include calculations to determine preliminary sizes through checking
stress and deflections. Comparisons of the systems will include: fire protection and rating,
constructability, weight, deflections, architectural considerations, costs, and system depth.

BACKGROUND

The Building for the Third Century (B3C) project (Cover and Figure 1) is located at 55
Fruit Street in Boston, Massachusetts (Figure 2). The site of the present construction once held
three outdated hospital buildings. The Clinics, Tilton and Vincent Burnham Kennedy Buildings
were demolished in order for this project to move forward. Logically located at the center of the
city, the hospital campus is able to serve over a million patients each year.

Construction of the ten story super structure and four subterranean levels is currently
underway through an up-down construction process. B3C was designed for Massachusetts
General Hospital (MGH) by NBBJ Architects of New York with the charge of bringing the
hospital into its third century of existence. In order to bring this design into a functioning reality
NBBJ enlisted the services of several technical firms including: Michael Van Valkenburgh
Associates, Inc.,, Thompson Consultants, Inc., Engineered Solutions Inc.,, Mcnamara/Salvia, Inc.,
and Vanasse Hangen Brustlin Inc. Fast tracked construction is being coordinated by the
experienced Turner Construction Company to ensure that the facility is operational in a timely
manner.

Holding true to its charge the B3C design team has created a unique hospital facility
which will improve the patient experience. Functions of the hospital lead to the design of the
spaces in an efficiency and comfort driven environment. Lower levels of the building serve as
the vehicle access areas such as the loading docks to supply the hospital and the ambulance
dock to receive emergency cases. Floors three through four are utilized for procedural space
including: general operating rooms (ORs), orthopedic ORs, and neurological ORs. Utilizing the
fifth floor of the building for mechanical equipment allows for the roof space to be developed as
a green space. Patient beds occupy the top five floors of the building and are a short walk from
a large Bamboo filled five-story atrium. The subterranean levels of the building house the sterile

11/3/08  ErrTHEW T-DECRER



AE Senior Thesis The Building for the Third Century
Structural Option Boston, MA
2008-2009 Technical Report No. 2
processing and radiation oncology departments. Housed in the lowest level of the hospital are

eight linear accelerators used for cancer treatment.
Structural System Overview

The structural system overview section of this report will focus on all of the main
structural features of the building. Discussion of these systems will provide supporting material
for the subsequent discussion of the alternate flooring systems. The features to be discussed
include: general floor framing, structural slabs, the lateral force resisting system, foundation
system, secondary structural systems, the exterior envelope, and expansion joints. An
understanding of the interaction of these building components will allow for deeper study of
specific components of the system.

General Floor Framing — The main framing type for this building is a composite steel frame with
beams transferring load to girders and girders to columns. The system is constructed of mostly
W shapes whose strengths may be found in Appendix C. Most of the connections in the system
are simple or shear connections however the main lateral force resisting system consists of a
moment frame, which will be discussed later. Beams commonly have 30ft spans in the building
but there are spans of up to 42ft. Floor heights vary between 14ft and 30ft. Column splices
commonly occur at 4ft above the floor level of the splice. This framing system necessarily holds
up the structural slabs of the building which are discussed next.

Structural Slabs — Four levels of this hospital facility are subterranean on the site and play an
interesting part in the construction process of the building. The structural slabs of the basement
levels are flat slabs supported by the steel columns of the building and drop panels. The slab
thickness is 14 inches in most areas and an additional 8 inches is employed for the drop panel
areas of the slab. Material strengths of the concrete and the reinforcement utilized in these
structural slabs has been documented in Appendix D. The construction of this hospital has been
fast tracked, due to its obvious importance, and these structural slabs play an important role in
that process which will be described in the foundations discussion.

Main Lateral Force Resisting System — As previously described the main lateral force resisting
system is based on a moment frame. The columns are set approximately 10ft inside the
perimeter of the slabs, on floors 1-10, makeup the moment frame. This system wraps the
building around all sides of the building, as is portrayed in Figure 4. The strengths of this
moment frame may also be found on Appendix D. A preliminary analysis of the lateral forces on
the building was conducted for both wind and seismic loading. After calculating the lateral
forces on the hospital it was determined that the wind loading in the North — South directions
would present the largest lateral loads on the building. These calculations and results are
discussed eventually in this report. Wind loads are first met by the curtain wall that covers a
majority of the building facade. The load is transferred from the glass to the hangers directly into
the floor slabs. The metal deck composite floor system aids the lateral force system by
distributing the wind forces to the moment frame. The transmission of the lateral load can be
seen in Figure 3.
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Foundation System — There are several important parts to the foundation system including: a

slurry wall, load bearing elements, and caissons. Describing these components in order of
construction will be beneficial in describing the construction process being used on this fast
track site. The first element of the foundation system is a 30 inch thick slurry wall. The perimeter
of the building was excavated to the bearing bed-rock and then reinforcing steel cages were
lowered into the slurry filled holes. Concrete is then pumped into the hole while the slurry is
removed. These walls will hold back the soil pressure while building. The holes for the Load
Bearing Elements (LBEs) were also excavated to proper depths before any of the soil was taken
from the slurry wall surrounded site. These LBEs support the majority of the structural load of
the building. Thus the columns were imbedded into the concrete of the LBE. Those columns
reach from the lowest basement level floor to the first floor when they are placed. This column
and slurry wall layout allows for “Up — Down” Construction to take place. This construction
method calls for a crew to be working under ground to excavate under the floor slabs and the
steel crew to be setting steel going up. This process is presented in Figure 6. Caissons also play
an important role in the structural support of the building. The caissons carry the load of the
massive shielding walls needed for the use of the Linear Accelerators used to create radiation for
cancer treatment. All of the material used in the foundations elements can be found in
Appendix D.

Other structural considerations that will need to be made later on are the lateral soil loads that
the slurry walls will have to withstand after the lower levels have been excavated. Also the
water table is high in this area, due to its proximity to the river, which will necessitate
consideration of uplift on the structure.

Secondary Structural Systems — In order to create a more connected atmosphere within the
hospital campus bridges are being constructed to a few of the nearby buildings. The Yawkey
Center for Outpatient care and the Wang Ambulatory Care Center will be the buildings
connected to. This requires creating a structure that will not transfer loads from the new
building to the older buildings. These bridges are framed with large W shapes, have concrete on
metal deck flooring, and glass facades.

There is also a canopy located at the entrance of the building which will need to be evaluated
for wind and snow loads.

Exterior Envelope — The facade of the B3C project is designed to let in maximum amounts of
natural light and thus is composed of mostly glass. The curtain wall system is hung from
embedded mounts at each floor level. This allows the lateral loads to be transferred directly into
the composite floor and eventually to the moment frame serving as the main lateral force
resisting system. The curtain wall system also plays an important role in the environmental
control in the building but its structural significance is lateral load transmission. Again this
transmission is represented in Figure 4. This system is how the building meets the wind, how the
building meets other buildings will be discussed next.

Expansion Joints — The building itself does not have any notable expansion joints causing the
need for internal load separation but there are important expansion joints between the B3C and
other adjacent buildings. Buildings close enough to require expansion joints are Ellison and
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White. The materials most commonly used in the expansion joints are large rubber gaskets and

aluminum plates. These joints are commonly located where a floor, ceiling, or wall meets a
similar feature of the joining buildings. The importance of these joints is to provide transition
from one building to another while not transmitting loads from one building to the other. Space
is built into these joints to allow for movement of the buildings as well. It is appropriate to end
our discussion of the structural system with a discussion about expansion joints because the B3C
project is all about expanding into the third century of the hospital’s existence.

Existing Floor System Discussion

Steel Composite — A majority of the flooring
in the B3C project is composed of steel e
composite beams utilizing metal deck and
shear studs to form the composite system. m I
Figure 6 in Appendix A shows a section of a
typical composite system. Figure 3 highlights
the area of Basement Level A which will be
studied throughout this report. It was chosen
because the bay is regular, meaning that all
each column connects to two of the other
four directly via a wide flange. Commonalities
between this area of the structure and the
rest of the building make it a viable option for
further investigation.

ik
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Figure 4 in Appendix A provides the
necessary information to analyze the existing
floor system, through checking stresses and
deflections. The W-shapes used include:
W24x68, W27x84, W27x84, and most 2l A
commonly W18x40. The image presented
here represents the basic layout of the floor.
Three-dimensional representations of the
existing floor system are also presented in Appendix A Figure 7. Loading information employed
for the subsequent calculations is available in the load table presented in Appendix B. Nominal
moment capacity was determined to be 846 kip ft which sufficiently larger than the design
moment of 654.45 kip ft. Construction deflection was determined to be significantly larger than
the allowable. As indicated on the figure there are cambers built into each member to combat
deflection in the floor.

WITxEs

Important parts of the existing system include the ability for steel to be erected without
being slowed by the concrete flooring installation and that the base columns of the building are
able to be set on the foundations up to fifty feet below grade. These constructability factors
make this system highly efficient for this building design. Part of the building floor system uses
Hollow Core Planks to allow access to the lower levels of the building while subterranean
excavation continues. Thus a logical flooring option for the building would be to use Hollow
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Core planks throughout the building which is the first alternate flooring system considered in

this report.
Alternate Flooring Systems

General Considerations — In order to determine a comparable floor system to the existing
system a set of control points must be set. One of the most difficult parts of engineering the
structure of a building is coordination with the architect to create the desired space. Thus
throughout the development of these preliminary floor system designs the column placement
will not be changed in order to provide the architect with the desired space. Providing the same
columns spacing in each design will cause the larger than normal spans in some of the systems
but this control point must be maintained for valid comparisons to be made.

Another important consideration for the floor systems is Up-Down Construction, which is
being used to speed up the construction of this hospital facility. Setting the steel columns in
footings up to fifty feet below grade before the rest of the site has been excavated is crucial to
the construction process. This construction process is most practical when steel is the main
structural material because it is able to be set in place without formwork.

Hollow Core Plank — Precast concrete members save money on labor associated with the
construction of these systems because they are produced in a controlled factory environment.
Labor savings is the initial appeal of this system and the fact that is already located in portions of
the building make it a viable

option for the first alternate

system to be studied. The
image to the right is a basic
section representation of a
o oo °e LX) o0 ° Hollow Core Plank. Figure 10

of Appendix A shows how the

layout of the 4ft wide planks
would look spanning 30ft between girders. The loading used to determine which planks would
work is located in Appendix C under the Plank Calculations. Molin a concrete product company
produces a member large enough to carry the design loads. Eight pre-stress strands are located
near the bottom side of the member where the greatest tension forces exist. Along with
determining the correct Hollow Core Planks to use one must also determine the W-shapes to
transfer the gravity loads to the columns. Design of these members considering stresses and
deflections concludes that W40x167 is adequate. A member has a deflection of 0.893in is
present but is within the allowable amount. System depth can be defined by two different
connections to the supporting W-shape via embedded plates in the Hollow Core Planks. These
attachment options can be compared in Figure 9 of Appendix A. Option number two, where
top-of-plank is set equal to top-of-steel; will limit the space wasted by flooring systems in the
height of the building.

An important aspect of this floor system to realize is that the construction process will be
significantly different if chosen. In order for the building to go up steel must first be laid followed
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immediately by the Hollow Core Planks. The existing floor system allows for the floors to be

finished while the steel erection for the building continues.

One-Way Slab - Changing the primary structural material of the building is another workable
option because there is already a fair amount of concrete placed in the existing building'’s
footings. The first system to be explored is a one-way slab. Bay dimensions present a challenging
space for the system to work, column layout will not be changed to preserve the control points
as architectural changes are not within the scope of this study.

Figure 11 presents the dimensions, beams, columns and direction of reinforcement that
will be used in the design of the slab. To avoid excessive deflections the general rule, from ACI,
of minimum slab thickness for a slab continuous in both directions was used to calculate the
minimum slab depth of 18 inches. There are already slabs in the basement levels of building
which are 22 inches thick thus an 18 inch slab is feasible but the support beams must also be
considered. If the 7/ value of the one-way slab is considered to be 41'6” an 18 inch slab is
determined as in the calculations in Appendix C. Another case was considered with an 7/ of 20
9" provides a 9” thickness for the slab. Thus if this design is to be considered in this building a
smaller span achieved by more beams will keep the depth of the system down. By including
more beams the price per square foot will increase.

Two-Way Slab — Another option for development of a concrete system is the use of a two-way
slab which should be a reduced depth from the one-way option. As developed in the
calculations in Appendix C labeled Two-Way Slab the minimum slab thickness can conservatively
be taken to be 12" two trials were made once with 24" square cross section beams and once
with 26" square cross section beams and it was determined that neither of these met the
stiffness criteria. Thus bringing one to believe that the depths presented by such a system would
not lend it to be used in a building where higher ceiling heights are desirable.

Non-Composite Floor System — The existing composite floor system requires the installation of
metal deck and shear studs to create the composite action between the concrete slab and the
steel W-shapes. A study of a non-composite slab is valuable because the construction process
would be very similar to the system already in use. As seen in the calculations labeled Non-
Composite in Appendix C the United Steel Deck Design Manual was used to determine the
correct decking to be used for the 7.5 foot spans. The beam layout, see in Figure 11 of Appendix
A, was kept the same as the composite system for ease of comparison. After the deck was
chosen new dead loads could be calculated to provide information for the calculations of the
supporting beams. Beams were determined to be W21x62 size which, as was expected, is
significantly larger than those beams used in the composite design. Girders were also
determined to be larger than those in the composite design being sized at W40x149. These
beams are larger in size due to the increased need to resist compression forces in the top flange
of the beam compared to the composite system.

Lack of shear stud installation in the non-composite design is the main cost saving point
of this system over a composite system. A trade-off for the lack of shear stud install is larger beam
sizes.
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Points of Comparison

While considering floor system changes there are several areas which must be
considered in order to determine if the floor system is a viable option. Points of comparison
include: depth of the system, weight of the system, architectural considerations, construction
process considerations, deflections, and fire protection. Using the existing floor system as a
control point will allow for a base system

Depth- When considering differing flooring systems it is assumed that the floor to floor heights
in the building will remain the same to preserve the height of the building. By keeping the floor
levels the same and changing the floor system depths the ceiling heights may change in the
building. The portion of Basement Level A being considered in this report calls for 96" ceilings.
In this portion of the building the floor to floor height is 19 feet meaning that there is sufficient
space for any of the floor systems to be utilized. System depth ranging from 42 inches to 26
inches will not affect if the system is feasible to be utilized at this level but other floors with
heights of only 14 feet may present problems for integration of structure and HVAC equipment.
More often than not larger system depths are concurrent with larger system weights as will be
discussed in the next section.

Weight- Foundation considerations are most affected by the weight of the building. A steel
structure will be considerably less weight on the foundations compared to a concrete frame
building. This comparison is easy to make on Table 1 at the end of this report. Weights included
on the table are for the slab, metal deck, support beams and girders. Concrete systems
considered in this report are not fully developed and thus the integral beams that would be a
part of the one-way or two-way slabs are not included in the weights of the systems, yet they
are still comparably large. Most of the foundations of the building are already specified to
engage bedrock for bearing however the size of the members may need to be increased. If
serious consideration is to be given to the concrete systems then an investigation of the
foundations of the building must be conducted.

Architectural Considerations- Most of the floor systems considered in this report would benefit
from changing the column layout of the building to reduce the spans of the building. However
due to the intricacies of the hospital floor plan movement of the columns is not a permissible
option. Thus in order to preserve the architectural spaces of the building the column layout will
not be changed. There are still compromises to the spaces in the building due to reduced ceiling
heights that would result from the increased depths of some of the systems.

Construction Considerations — System constructability is yet another important consideration
when comparing flooring systems. There would be very little change in the construction of the
non-composite system for the building but considerable complications would be presented by
any of the other systems previously described.

Hollow Core Plank requires that the planks be placed on the steel as the building is
erected causing the need for coordination between the steel erector and the contractor placing
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the precast concrete. This schedule co-dependence could result in massive delays if either

contractor were to encounter a setback. A unique solution to this construction sequence would
need to be developed in order to make this system a feasible alternate.

One and two-way slabs requiring the conversion of the structural system from steel to
concrete would cause significant changes in construction scheduling. Most notably the up-
down construction method currently being used would no longer be an option. Steel columns
are able to be set below grade because they are comparably slender to the concrete columns
that would be required. Form work needed to construct columns requires more space than
would be available in the present excavations. Also connections to subsequent subterranean
floors would be difficult to construct because significant rebar development lengths would be
required and those lengths would have to be achieved with rebar left exposed on the columns.
Steel is much easier to set below grade because it can be lowered into a hole and set with a
crane in a relatively short amount of time.

Fire Protection — One final consideration for the development of a new floor system is the fire
protection requirements involved with each system. The existing system requires that the steel
be coated with a cementitious fireproofing material. This material is easily applied through a
spray on application. Similar fireproofing would be used on the non-composite system. The
concrete systems are inherently fireproofed because the rebar cover called for by ACI provides
the steel with necessary protection. Thus money savings is realized because there is no need for
additional fireproofing contractors to be used.

Conclusions

After careful consideration of the alternate flooring systems mentioned above it would
be worthwhile to further study Hollow Core Plank and Non-Composite flooring systems. One-
way and two-way concrete systems present too many obstacles to be considered viable options
for construction on this site for the current architectural design. A table is provided on the
following page to summarize the criteria considered in this report.
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Document and Code Review

Here is provided a list of the Documents and Codes utilized in analysis and discussion of the
structural system.

ASCE/SEI 7-05 Minimum Design Loads for Buildings and Other Structures published in
2006 by the American Society of Civil Engineers (ASCE 7)

AISC Steel Construction Manual 13th Edition published December 2005 by the American
Institute of Steel Construction, Inc. (AISC 13th ed.)

ACI 318-08 Building Code Requirements for Structural Concrete published August 2008
by the American Concrete Institute (ACl 318)

Construction Documents S100 - S602 Dated February 29 2008
Unified Design of Steel Structures Published 2008 Author Louis F. Geschwindner

Professional Contacts

Pamela DuBois Holmes, R.A.
Senior Associate
NBBJ Architects

John J. Tracy P.E. LEED AP
Project Manager
McNamara/Salvia Inc. Consulting Engineers
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Figure 1 — Birds Eye Views of B3C Project
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Figure 2 — Site Map
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Figure 3: Partial Floor Plan of Basement Level
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Figure 8: Structural Perspective

Figure 9: Precast Hollow Concrete Plank Sections
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Figure 11: Column and Beam Layout of One-Way Slab
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Existing Flooring System
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Structural Steel Strengths

Governed Elements

F, hin.
Yield Stress
(k=i

F, hin.
Tensile Stress
(k=)

Reference
Location

wol. 1 Stroctwral
AETM A28 All wshapes i =" General Notes S100
B m15C Table 23
&l other rolled shapes, ol 111 Structural
BETH 536 plates, and bars 35 SE-BO° Fensra Motss 5100
unless otherwize noted B m15C Table 23
EETI A-200 i . wol. 1 Stroctwral
5 Sections
Grade B Isquare, anr; . a8 5E General Notes 5100
) e B AI5C Table 23
BETI A-200 i . wol. 1 Stroctwral
5 Sections
Grade (Round] * a8 82 General Notes 5100
s o E: 2ISC Table 23
ASTM A-53 ) wol. 1 Stroctwral
Pipe 35 &0 General Notes 5100
Grade B
B m15C Tablz 23
) wiol. 111 Structural
ASTM &-325 Al Bolts for conmecting - . Motes £100
- zeneral Hotes
ESCorN structuradl members =
v B . B AISC Table 2.5
wiol. 111 Strusctural
ASTh F1554 Al anchor rods - . . Notes 5100
) 5550 zeneral Notss
Erade 35 unless othenwize noted =
- = - Bt AISC Tabie 2.5

Motes: 3- Amaximumyeild-to-strength ratio of 0ES
and carbon eghvalnet formula are incdleded a5 mandatory

inASThE 955

b- For shapes owver the 425 Ib/ft only the
minimum of 5E5Eks appliss
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Concrete Strengths

AN rrwmn Compress ve

Governed Elemets Strenght [Fc} ps

Reference
Location

wol. 1l Structural

C3izzons, LEBs 5,000 General Notes 5100
—— Wol. 1 Structur sl

N Y & Do General Notes 5100

Concrete Diaphram

wol. |1 Structural

Capwals 5, 00D General Notes 100
Two-Way Wol. 1 Structur sl

5, DD Zenerz| Notes 2100

Concrete Sabe : = =

wol. |1 Structural

Formed Walls 4,000 General Notes 5100
wol. 1 Struchural

Topping Sabs 4, 000 Zensrs| Notes 5100
wol. |1 Structural

=lzhs on Grade 4,000 Zansrs| Notes 5100
; wol. 1 Struchural

Fill Comcrete ~ A

Mud ©shs 2,0 Zaners Notes 2100
wol. |1 Structural

LinAcc Sielding 5, 0D General Notes 5100
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Reinforcing

A B15

Grade 60 Less than #11 60,000 90,000
AB15

Grade 75 #11 and greater 75,000 100,000
ATOE To be welded 60,000 280,000
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