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BOSTON/| 33 Harry Agganis Way: Res Tower 11
UNIVERSITY

Owner: Boston University

Site: John Hancock Student Village
Occupant: BU Student Housing

Type: Residential

Size: 26 stories
396,000 total sf

a\ # )

Project Team: Architecture:

CM & GC: Walsh Brothers « Two-tower configuration sharing a
Architect: Cannon Design common core and lower entry levels.

e Cannon Design + South Tower is 19 stories and the north
Structure: Weidlinger Associates tower is 26 stories.

Structure:

+ Reinforced Concrete MAT foundations are
3’-9” for the shorter tower and 4’-3” for
the taller tower

+ Steel structure utilizes a braced framing
system to transfer lateral loads to
foundation

+ Lightweight concrete slab on metal
decking for composite floor construction

Mechanical:

'+ A desiccant wheel energy recovery ventilation system for all suites
and apartments.

+ Evaporative coolers on the ventilation units to supplement the
air-cooled DX cooling system.

» i * ECM motors and a variable flow fan coil system for each HVAC unit
: ,\ =7 serving each suite and apartment.
i+ Electrical:

+ Medium Voltage (13.8 kV) Service will be to tied to the existing
Student Housing Phase 1 BU switchgear loop extension.

+ Total Demand with Growth Factor (1.5) is 5,226 kVA

+ Secondary distribution voltage will be 480 V (3 phase) to provide
service to equipment loads and 208 V (3 phase) for dwelling demand

Lighting: loads.

+ High efficiency lighting systems have been provided throughout the building. The average lighting
power density is approximately 0.78W/sf, compared with the code allowed 1.5 w/sf. This has been
achieved using high efficiency ballasts and luminaires

Tyler Meek www.engr.psu.edu/ae/thesis/portfolios/2011/tmm5103 Structural Option
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Executive Summary

Res Tower Il is a 26 story, 296 foot tall, dormitory located in Boston, Massachusetts. There are
three levels of public space with 23 levels of private study and living spaces. A steel framing
system supports the lightweight concrete composite floor system and lateral loads are resisted by
moment connected steel braced frames pinned to a mat foundation.

The goal of this thesis was to design a staggered truss system for Res Tower Il and investigate
the most efficient use of the trusses. Investigations were made into using the staggered truss
system to resist 100% of both gravity and lateral loads or using it to support the gravity loads
only and designing a new appropriate lateral system. AISC Design Guide 14: Staggered Truss
Framing Systems was followed closely in the design of truss members and connections.

An acceptable shear wall design was completed but the wall thickness was larger than desired.
For this reason, a moment frame was implemented into the structure and wall thicknesses
decreased. To design the most efficient structural system, an investigation was completed to find
an appropriate height to stop the moment frames and allow the shear walls to continue for the
remainder of the building height.

Recognizing that changing the structure of the building will impact all parts of its design, studies
were completed for the architectural and construction impacts a staggered truss system would
have on Res Tower II.

There were three main areas of concern for the architectural study. In each of these spaces, a
rendering was done to analyze how an exposed truss would affect the interior architectural
dynamic. In some cases, the truss had to be removed to avoid negatively affecting the
architecture but in one case, it was decided to keep the truss in the system and keep it exposed
because it added excitement to a mundane space.

A new site logistics plan and construction schedule were created to adjust for the new structural
system. This involved studying the surrounding buildings, deciding on a proper site layout and
determining construction durations for five main steps of the construction process.

Two highly repetitive truss connections were designed to meet the MAE requirements for this
thesis. To allow for construction ease and by following typical practice, connections were

designed using bolts and welds depending on the type of connection.
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Introduction

Located on the Boston University Campus, 33 Harry Agganis @@
Way, which will be referred to as Res Tower I, is a 26 story, steel %
framed dormitory. It is located on the northwest corner of the NN
John Hancock Student Village, bordered by the Charles River and
Commonwealth Ave. Because two more dormitories are planned | _.°

for the JH Student Village and the cost of developing in Boston is |

so high, the footprint of Res Tower Il had to be as small as | e

possible, thus forcing the structure upwards.

T=1 The south tower is 19 stories tall with a fan room and mechanical
“‘ﬁ penthouse on the top level. A student activity space, with large

':‘

windows and a terracotta surfaced walkout space, occupies the 26"
story of the north tower. The roof of the north tower supports a fan
room, large air handling units and other large service equipment.
Floors 3 through 25, aside from the spaces mentioned above, are all
private residential areas with some study rooms and computer labs
.'_. mixed in. The first two levels of Res Tower Il serve as the public and

~ service offices for the rest of the building.

. -;f,r:v;sh—————"‘
The facade of Res Tower Il is a panelized skin comprised of terracotta and a metal panel

rainscreen. This facade is a curtain wall system with its self-weight being supported by the floor

above it; this can be assumed to be a continuous load due the small spacing of hung supports.

Res Tower I1 utilizes four main roof systems, all of which include gypsum under-laminate board,
a vapor retarder and an adhered roofing membrane; the prior three aspects will be referred to as
the typical roof assembly. Where mechanical equipment is being supported the typical roof
assembly is placed on concrete deck while on the outer edges of the building, a metal deck is
used. On the 26™ story, to support the walkout space mentioned above, terracotta pavers on
concrete deck are combined with the typical roof assembly to create an attractive and durable

roof system.
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Existing Structural Systems

Foundation

Haley & Aldrich performed the geotechnical studies for the JH Student Village area and
provided the report in which H&A explain site and below-grade conditions along with
recommendations for the structure. A net allowable soil bearing pressure of 6 kips per square
foot (ksf) was recommended for the design of foundations on the natural, undisturbed glacial
deposits below the site. A recommended design groundwater level was also given which is on

average 10-12’ below the bottom of the existing foundation.

Res Tower II utilizes a mat foundation system with two main thicknesses, 4’-3”and 3’-9”.
Logically, the taller tower is supported using the deeper mat foundation to resist the higher loads
transferred by the braced frames. The foundation step occurs between grid lines 9 and 10. The
typical reinforcement in the east-west direction is #10’s spaced at 10” on center, top and bottom
while in the north-south direction, the reinforcement is #9’s spaced at 10” on center, top and
bottom. Additional reinforcing cages are placed under the braced frame columns with the anchor
bolts of these columns being tied to the bottom of the cage to increase the resistance to uplift. A

detail of this connection is shown below in figure 1.

SEE PLAN

o
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8" 30
T REINFORCING CAGE 15'-0"

LONG (FOR LOCATIONS
SEE PLAN)

[Fes ADDITIONAL REINFORCING CAGE
AT INTERIOR BRACED FRAME COLUMNS

SCALE: 1/2°=1"0" 5

Figure 1: Additional foundation reinforcing
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A 9” deep trench runs along the center of each tower’s foundation, parallel to the length of the

building. This trench is filled in with 4000 psi concrete and reinforced with welded wire fabric

after the erection of the interior columns in this area. In figure 2 below, the trench is shaded and

outlined in red with the lateral force resisting columns marked in blue.
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Floor Construction

The typical floor construction for Res Tower II is 3” 18 gage galvanized steel deck with 3-%”
lightweight concrete topping and welded wire fabric reinforcement. This is used everywhere
except the loading dock and trash compactor area on the first floor. The floor system for these
areas is comprised of 3” 16 gage steel deck with 6” normal weight concrete topping, a total
thickness of 97, and epoxy coated reinforcement of #7’s spaced at 12” on center in the bottom of
the flutes and #5°s spaced at 12” on center in the top running each way. All deck is designed to

act compositely with beams.

Decking typically spans about 8’-9” supported by beams ranging in size from W14s to W18s.
These composite beams span roughly 23 feet to girders or columns. The girders have the same
range in size as the beams. These spans create a typical bay size of 17-18” by 24°-23°. The actual
bay sizes vary moderately from typical dimensions. Figure 3 shows a typical framing plan for
floors 3-18.

9 @E>)

Figure 3: Typical Framing Plan
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Lateral System

Steel braced frames are used to resist the lateral loads placed on the structure. At the termination
of these columns, extra reinforcement is added to better tie the columns to the foundation and
resist uplift forces. All columns in these braced frames are W14’s ranging in size from W14x61
near the top of the structure to W14x398 for the bottom columns. The diagonal bracing members
are W12’s ranging in size from W12x152 to W12x45. This braced frame construction is
categorized as a concentrically braced frame in ASCE7-10 for which an R value of 3.25 is
prescribed but due to the moment connections, an R value of 5 was used by the engineer of
record. To allow for corridors to pass through the center of these braced frames, moment
connections were made. Figure 4 shows an elevation of a braced frame with the moment

connections clearly shown.
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Figure 5: Typical plan with braced frame locations highlighted

Figure 5 shows the location of the braced frames in plan. The braced frames supporting loads
from the short side of the building are highlighted in blue and the braced frames supporting loads
from the long side are highlighted in red. Frames running parallel to the long direction are on
average shorter than frames running in the perpendicular direction; this is permissible because
the loads from the short side are much smaller in magnitude than the loads from the long

direction.
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Proposal Objective

Structural Depth:

As part of Technical Report 2:Pro-Con Structural Study of Alternate Floor Systems an
investigation was made into using a staggered truss system to support the gravity loads of Res
Tower Il. This system was found to meet all strength requirements and proved to be a viable
option that would not only allow for open space but also work well with the existing floor plan.
Only a gravity analysis was performed for the staggered truss system and therefore more studies
have been done to fully understand how well this system can be implemented into Res Tower II.
The main concern was how the trusses react when subjected to lateral loads. Multiple options

have been evaluated to determine the best use of the trusses. These options are:

e Designing the trusses as the main lateral load resisting system.

e Using the staggered truss system as a strictly gravity system and using the existing lateral

system

e Designing a new lateral system that works well with the existing floor plan and using the

trusses to only resist gravity loads.

To fully understand how effective a staggered truss system would be if implemented into Res
Tower 11, disciplines other than structural design needed to be considered. As part of this report,

the architecture discipline and construction management discipline will be investigated.

Architectural Study:

Locations of trusses had to be carefully planned with respect to the architectural floor plans to
avoid negatively affecting open spaces. In most cases, the trusses can be enclosed by walls in the
existing floor plan but in three spaces the trusses would need to be exposed if they were to be

kept in the structural system. These spaces will be discussed in more detail in a later section.
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Construction Management Study:

A staggered truss system uses a large quantity of prefabricated members and therefore the
construction schedule and site logistics for this system will be different than what was used for
the existing “stick built” system. A new site logistics plan and construction schedule were

designed based on assumptions made during the design and typical management practice.

MAE study; Connection Design:

The staggered truss system is comprised of shop welded members that are bolted to the column
web. This particular system uses a large amount of repetitive members and therefore repetitive
connections. The following two connections were designed:

1. Diagonal and vertical web members to the bottom chord member (welded)

2. Top chord member and diagonal web member to column web (bolted)
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Structural Redesign
Background

A staggered truss system utilizes a story deep Vierendeel truss that replaces the need for interior
columns by spanning the entire width of a structure. Res Tower Il has a favorable layout for the
use of a staggered truss system because it has long outer spans that support private areas with no
intermediate doorways and a short interior span for a central corridor. This is a good match to the
layout of the staggered truss system because the vertical web members framing the center span
allow space for the corridor while the private living spaces allow for diagonal members to run in
the outer two spans.

Figure 6: Typical elevation of truss

The image above gives the elevation of a typical truss that will span the entire width of the
structure. The top and bottom members are continuous with all members connected using gusset
plates. AISC Design Guide 14: Staggered Truss Framing Systems provides a summary of the
systems history, descriptions of the typical materials, design equations, and a design example of
how to use the equations and what assumptions can be made during the design process. Design
Guide 14 recommends using W10 shapes for the top and bottom members and HSS shapes for

the vertical and diagonal web members.

To maintain a 10 ft floor-to-floor height, the trusses were designed to be 9°-6” tall. A 6” concrete
composite deck will be used for the floor system to match the existing conditions. Supporting the
concrete deck will be metal joists that span from truss to truss. This system is unique compared

to most truss systems because both the top and bottom flange are loaded vertically.

Page 13 of 95



Thesis Final Report

Advisor: Dr. Boothby
Tyler M Meek

The figure below shows a schematic view of the structural system with both the top and bottom
chord members being loaded. Figure 8 also gives a closer look at an individual truss used in this
system. It is clear why this system is given the name “staggered;” trusses skip a bay on each

level and locations are staggered from level to level.

R T T T kT AT AT T AT AT AT AT AT T ATAY, gl T gl Mgt Rt Nt gt N R e R R N R N

T T N N W N O W W W W W WL WL WL, T T W N o N W N W N W W WL WL, AT LT LW W

e N T N N N N N N N W WL WL Y W N N N N T N N T L W WL T T, 7T

Y e Y Y Y T T Y e T T

Figure 7: Schematic representation of structural system
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A minimum width requirement is placed on the flanges of the chord
members to ensure the flange has enough bearing area and will not sag
under the load. A visual representation of this limit is provided in figure 9.
One requirement that is not mentioned in the design guide is on the bottom
chord member a designer must confirm that the member loading the truss (a
joist in this case) is short enough to not contact the web of the W shape.

Figure 8: Truss loading scheme

Minimum Required Beam Width——

Bearing Width Bearing Width

Figure 9: Width requirements
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Truss Locations

Trusses were typcially spaced as close to 17 ft as possible to create a reasonable tributary width
for each truss and an efficient span for the joists that will run from truss to truss. Preliminary
truss locations were determined with only gravity loads in mind and with a goal of creating
prime load paths. The image below shows these preliminary locations with each color
representing the two levels.

| |
i
e
éi"’
-y

Figure 10: Preliminary truss locations

e

After intial locations were chosen, they had to be adjusted with regard to the architectural
organization of the building. Figure 11 shows which trusses had to be removed at this point of
the design. In order to accommodate the existing floor plan and maintain programmed square
footage, the two trusses on each end of the structure had to be removed. Figure 12 shows that if
these trusses were not removed, they would run through the middle of an existing bedroom. The
central truss was removed to avoid large transfer forces from the altered floor plan of levels 19
through 26.
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As stated above, figure 12 shows the typical
architectural plan for the residential levels with the

problem truss highlighted in red and the bedrooms

that would be interrupted in blue.

i e 0 s sy SRS
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Figure 12: Architectural plans with truss
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Because trusses could not be used in these locations, the existing framing plan can be used in the
vertical circulation areas in the middle of the building and at each end. Another problem area is

the main lobby on the first floor.

The rendered images of figures 13 and 15 represent the conditions of the existing lobby. It has a
large, open area with four very large columns in the middle that create a central lounge and
waiting area. This area will be framed in the same manner as the existing design to allow for this
architectural feature, which was originally designed to satisfy the owner’s request, to be
maintained. The matching images in figures 14 and 16 show what this area would look like if a
truss were to be kept in the current location. This subject will be discussed in more detail in the

Architectural Study section later in this report.
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Figure 13: View from desk of existing lobby

Figure 14: View from desk of lobby with truss
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Figure 16: View from main entrance of lobby with truss
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Truss Member Design

Following chapter 3 of AISC Design Guide 14: Staggered Truss Framing Systems, hand
calculations were completed for unfactored live, dead and lateral loads on one typical truss. It
was assumed that gravity forces only acted at panel points as per the recommendation from the
design guide. The trusses were solved using an adapted method of joints. Because the chord
members are continuous, they will carry some moment and the typical method of joints
technique could not be used. After gaining a firm understanding of this process by completing it
by hand, an Excel spreadsheet was used to find the factored controlling load case. It was
determined that 1.2D +1.6L caused the greatest forces in all members of the truss. The
spreadsheet used to find the controlling load case is presented in appendix A. The gravity loads

used in this analysis are presented in tables 1 and 2.

It was determined that 3 18 gage composite steel decking supported by 14K4 joists will provide
the necessary strength to support gravity loads and transfer them to the trusses. Special detailing
or tack welding may need to be specified to ensure lateral forces are transferred from the

diaphragm to the trusses.

Live Loads
Design Load (psf) Thesis Load (psf)

Occupancy Type Mass. State Building Code IBC 2009 & ASCE7-10
Public Area 100 100
Corridor 80 100
Dwelling Unit 40 40
Loading Dock 250 250
Mechanical

Penthouse 150 125
Roof 30 20

Table 1: Live Loads for Res Tower Il

Dead Loads
Material Load (psf)
Slab
-Roof Deck 56
-Floor Deck 46
Facade 18
Superimposed 30

Table 2: Dead loads for Res Tower |1
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Member sizes were selected for typical top and bottom chord members as well as the web
members. W10x33 members were chosen for the chord members and HSS10x5x5/16 members

were used for the vertical and diagonal web members.
See appendix A for the hand calculations used to determine member sizes.

To ensure that no errors were made and that deflection would not control the design, a RISA-2D
model was made of one truss. The original RISA model is shown in figure 17 and had a
deflected shape presented in pink in figure 18. As can be seen from the images, only the bottom
chord is pinned where it would meet an exterior column and the top chord is allowed to deflect
freely. Because the top chord was free to rotate around the pinned support, the deflection values

at midspan were approaching the code specified limit of /240 which equals 2.96 inches.

Although the deflection was still below code values, the complete structure needs to be
considered. If the trusses deflect two inches and the members spanning from truss-to-truss

deflect one inch; that gives a total deflection of 3 inches, which is not acceptable.

Figure 17: Original RISA model

Figure 18: Original RISA model with deflected shape
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After further consideration of the real structure, the RISA model was changed to what is shown
in figure 19. Instead of placing supports on the truss itself, exterior columns were modeled and
pinned at floor heights above and below the truss. Figure 20 shows the deflected shape of the
updated model. This is a more realistic model because the columns will prevent the top chord
from rotating and translating freely. It was important to model the column with weak axis
bending because a moment frame may run in the perpendicular direction of the truss. Deflections
of this model were well below code limits, & = 1.28 inches. This is an acceptable value that will
not greatly affect the overall system.

Loads were then changed from point loads to linearly distributed loads along the length of the
truss. The assumption of using point loads in the hand calculations was proven to be an accurate
and conservative assumption because changes in forces and deflections were marginally less than

what was previously calculated.

E=Y =

Figure 19: Updated RISA model

Figure 20: Deflected shape of updated RISA model
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Gravity and Lateral System

A controlling load case of 1.2D +1.0L + 1.6W was used to combine gravity and lateral loads.

After reading sections of AISC7, it was determined that it was a reasonable assumption to use

wind as the contolling lateral load parallel to the short direction and to use seismic parallel to the

long direction. The wind loads on Res Tower Il were calculated as part of Tech 3:Lateral System

Analysis and Confirmation Design and are presented in table 3.

East West
Floor | Force (k)
1 53.26
2 106.87
3 90.06
4 74.18
5 76.54
6 78.50
7 80.27
8 82.01
9 83.48
10 84.57
11 85.59
12 86.70
13 87.82
14 88.88
15 89.73
16 90.42
17 91.22
18 92.09
19 92.84
20 70.88
21 49.29
22 56.08
23 62.33
24 62.67
25 75.63
26 95.06

Forces presented in this table were calculated as acting at each
floors center of pressure. Relative stiffness of each frame was used
to determine the percentage of the load to be assigned to each
frame. Because each truss has the same profile, the length of the
truss was used as the absolute stiffness value. Once a center of
rigidity was established using a similar calculation, additional force
was added to each frame from torsion caused by the difference in
center of gravity and center of pressure locations. The spreadsheet

used for this calculation can be found in appendix B.

Once the members of each truss were designed for strength and
checked for serviceability, it was important to understand how
multiple bays of full height truss systems react under both gravity
and lateral loads. A multi-bay model is also helpful because drift
values may be more extreme in single bay model due to the
staggered truss layout. Every other level has zero stiffness when
there is no truss at that level, therefore modeling three trusses will

ensure that each level has atleast one truss and therefore stiffness.

Table 3: Wind loads at center of pressure
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Figure 23 to the left shows the preliminary model used to investigate how efficiently a staggered
truss system will resist lateral forces parallel to a trusses length. A view of one individual bay is
shown in figure 24; this will be useful when discussing the deflected shape in figure 25. Design
Guide 14 recommends bracing the bottom truss to the column below. This is done to strengthen
the bottom of a structure for gravity loads and to prevent first story mechanism failure or
pancaking.

Maximum deflection at the 19" floor was 8 4> inches which is far above allowable code limits
and therefore unacceptable. By visually investigating the deflected shape, it is clear that the

chord members of the bottom truss are over stressed and need to be reevaluated.

Figure 23: Three bay model Figure 22: Individual bay of three Figure 21: Deflected shape of
bay model individual frame
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The steel design feature of ETABS provides a visual representation of
member stresses with color. Any member colored red is over stressed
and therefore is straining under the assigned load. Figure 24 presents the
output of a steel design check for this bay. As stated above, the chord
members of most of the trusses need to be redesign with lateral loads in
mind.

By building a preliminary three bay model instead of constructing a
model for the entire structure, an issue was found while there was still a

manageable amount of members to check.

Figure 24: Representation
of member stresses
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Using the information from the preliminary model of three bays, the model in figure 25 was
created for the entire structure. After placing all the necessary lateral loads on the trusses, it was
determined that the staggered truss system will not efficiently provide the required stiffness to
resist the loads. In the process of trying to size chord members, only unreasonably large W
shapes had the capacity to limit the lateral deflections. Changing from W10 chords to a deeper
member caused almost 25% less deflection, but the value was still not acceptable. Again, an
increase in member depth decreased deflections by roughly another 20% but like the first time,
deflection values did not meet the required criteria. After multiple attempts to obtain a
permissible deflection value by increasing member sizes, the conclusion was made that for this
particular building a staggered truss system will not work to carry 100% of the lateral loads. The
graph below (figure 26) presents the findings of this investigation. It shows that an exponential
curve can be approximated to represent the relationship of lateral deflection to member size.
Avrbitrary, unitless values were used to obtain the desired shape of the curve. It shows that an
increase in member size can greatly affect the deflection
initially but it is not an efficient method of reaching an

acceptable deflection.

Deflection vs. Member Size

Deflection

s —

Member Size

Figure 25: Model of entire structure Figure 26: Graphical representation of deflection vs. member size
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Using the staggered truss to resist 100% of the lateral loads is not an efficient design for Res
Tower Il. This system may function better under lateral loads for shorter structures or for
buildings with different demands but for Res Tower Il, a separate lateral system must be

designed.

Originally, the existing lateral system which consists of braced frames was to be combined with
the staggered truss system to resist lateral loads. Implementing braced frames into the staggered
truss system and requiring interior columns would be counterproductive. The main selling point
of a staggered truss system is it removes the need for interior columns and allows for more open
space at each level. Therefore this option was not investigated further due to its obvious negative

impact on the overall system.

New Lateral System

The staggered truss system is very efficient for supporting gravity loads but under lateral loads,
the column-truss interaction will not provide sufficient stiffness with reasonable member sizes.
Therefore a new lateral system had to be designed that works well with the existing floor plan
and does not physically contact the trusses. If the new lateral system physically contacts or ties to

the trusses an undesired interaction may occur causing unforeseen errors.

The decision was made to use concrete shear walls to create a center core with another set of
walls at the ends. The central core is continuous through the full height of the building, along
with shears walls in the north end. Compared to concentrically braced frames, a concrete shear
wall system will not require interior column. Also, the floor plan of Res Tower Il lends itself

well to accommodating shear walls.

As an initial design, a trial size of 24 inches was chosen for the thickness of the shear walls to
match the existing wall thickness of the elevator shafts. Locations of the shear walls are denoted

in figures 27 and 28 as thick red lines.
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Figure 27: Initial shear wall layout for lower floors
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Figure 28: Initial shear wall layout for upper floors
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This initial design yielded maximum deflections of 6.17 inches at the top floor and 3.81 inches at
floor 19 where the floor plan changes. Because these deflections are within the code limit of
H/400 this shear wall design and layout can be considered acceptable. Changes had to be made
to this system because the layout would cause problems with the existing architectural floor plan.
In figure 29, the circled shear walls block existing doorways between private living spaces. Also,
the overall stiffness of the structure in the direction parallel to the circled walls is very high.
Deflections in this direction are in the magnitude of one inch which make them far below code
compliance and the structure may be considered overdesigned in that direction. The circled shear
walls were removed from the system to avoid architectural complications and to create a more

efficient system.

38

3)

(14) (16018) 2 )

| 1

Figure 29: Architectural issue of shear walls

Once these shear walls were removed, all deflections were within allowable code limits. Design
Guide 14 suggests using moment frames perpendicular to trusses to resist lateral forces.
Following the suggestion of an advisor, a study was done to combine moment frames with shear
walls to create a lateral system that would decrease the thickness of the shear walls and suit the

geometry of Res Tower Il more effectively.
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Because this system uses two building materials in systems with different R values, a reasonable
assumption had to be made. Detailed concrete shear walls have an R value of 2 and a steel
moment frame uses an R value of 3.5. An R value of 2 was used for Res Tower Il because it is

the lesser of the two values. See appendix C for the new seismic design criteria and loads.

Mulitple attempts were made to find the best combination of moment frames and shear walls.
The image in figure 30 provides a visual of the first attempt. In this system both the shear walls
and moment frames ran from the foundation to the top of the respective towers. The thickness of
the shear walls was decreased by a third to 16 inches. Deflections for this model jumped to
values far greater than code limitations. This severe increase proves that the shear walls provide

most of the lateral support. The moment frames may not have been effective due to large height-

to-width ratio.

Figure 30: First combination of moment frames and shear walls
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Following the study of decreasing wall thickness and adding moment frames, an investigation
was done to find a way to increase the stiffness of the central core of the structure. In figure 31,
the central core is examined. C-shaped shear walls, shown in red, enclose the elevator core but
cannot be continuous because of a corridor between the two. To increase the stiffness of this
area, 16” x 24” coupling beams (shown in blue) were added to span across the corridor from
shear wall to shear wall. The dimensions of the coupling beams are not arbitrary. The thickness
was chosen to match the shear walls and the 24 inch depth was selected to ensure the beams

would remain in the ceiling to floor space.
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Figure 31: Central core of structure

The results of this model prove how much of a difference in strength the coupling beams created.
Deflections dropped below code limits and are comparative to the results of a system using no
moment frames and 24 inch shear walls. An increase in strength by creating an enclosed square
makes logical sense because a square has a far greater moment of inertia (I value) than a C shape
does.
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Once a plausible solution was found for strengthening the shear walls, a modification to the
moment frames had to be made to allow them to contribute to the overall stiffness of the
building. An elementary solution of adding two bays to the width proved affective. Figure 32
shows the previous moment frames in red and the additional bays in blue. The width of each
frame was increased by a substantial amount creating a much more favorable height-to-width
ratio for each frame. A model with this change yielded decreased deflections but a smaller

difference than anticipated.
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Figure 32: Expanded moment frames
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A final model was created to locate an effective height to stop the moment frames. A logical
place to stop the frames is the 19" floor where the floor plan steps back. Results of this
investigation proved that the moment frames are most effective on the lower stories. This would
be caused by an accumulation of story shear at the lower floors. At the higher floors, the story
shear is within the strength of the shear walls but for the lower floors, the moment frames
support whatever loads are left once the shear walls reach strength capacity. Deflections were

within 10% of the previous two investigations.
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Figure 33: Model with moment frames stopping at 19th floor
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Summary of lateral systems

To conclude this investigation of an efficient combination of moment frames and shear walls,

table 4 provides deflections at the 19™ and 26" floor for each of the lateral systems discussed.

Model Deflections (in)
Floor 19 | Floor 26
Code Limit 5.94 8.88
A 9.50 15.49
B 5.80 8.25
C 5.80 8.64
D 5.79 8.74

Table 4: Summary of deflections for different systems
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Figure 35: Model A
Figure 34: Model B & C
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Figure 36: Model D

The models are titled A through D depending on the order they were discussed in this paper.
Model A was discussed first; it has 16 inch shear walls and moment frames through the entire

height of the building but the central core has no coupling beams.

Models B & C have the same appearance but have slight differences. Both have moment frames
that have additional bays to increase their effectiveness and coupled shear walls but model B has

16 inch shear walls while model C has 18 inch shear walls.

Model D, is the final model that was discussed. It has coupled shear walls through the entire
height of the building and extended moment frames until the 19" floor. It seems that model D is
the most efficient use of materials and therefore may be the best system depending on labor and

material costs.
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Shear Wall and Coupling Beam Design

It is extremely important to not use a computer modeling program as a black box. There are
multiple dangers of accepting computer results with no scrutiny; the worst being that a user may
not fully understand the output or misinterpret the information. For this reason, hand calculations
were completed for two shear walls and one coupling beam to understand what changes would
need to be made to each element under different forces. With the understanding gained from
completing hand calculations, spreadsheets were created so that when more of the same elements

needed designed, the process would be completed efficiently.

Shear Wall Design

Calculations for the design of a shear wall were done for two sample walls. The first calculation
was completed for a 19 story, 24 foot wide wall at the southern wing of the building circled in
blue in figure 37. Please see appendix D for hand calculations. For this particular shear wall,
only the minimum area of steel required by code was necessary to resist the lateral loads. By
treating the wall as a cantilevered beam, the base shear, story shears and overturning moment

were found using the simple shear and moment diagrams shown in the hand calculations.
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Figure 37: Southern shear walls
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Another shear wall was designed for two reasons. First, the wall designed above was removed in
most of the models and secondly, it was important to design a wall of the central core to
understand the interaction between the walls and coupling beams. The 10 foot wide, 16 inch
thick wall circled in black below was chosen as the sample wall to design. Instead of using the
same technique to find lateral loads as above, vertical and horizontal reaction forces were taken
from ETABS and designed for because these would be the controlling forces. To ensure the
accuracy of these forces, the summation of support reactions were added to the summation of the

lateral loads and checked to equal zero.

Because this wall is much thinner than the last one designed, it required more than the minimum
amount of steel. It was determined that vertical #3’s spaced at 14 inches on center along each
side of the wall and horizontal #3’s at 12 inches on center will provide the necessary shear
reinforcement. Flexural reinforcement of (13) #10 bars spaced at 2 inches for the first 2 ¥ feet
from each side and #3’s spaced at 14 inches in the space in between. The detail in figure 39

provides a visual representation of this description.
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Figure 38: Central core shear wall
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Figure 39: Detail of shear wall design

Coupling Beam Design
As a sample calculation, the coupling beam at the top floor was designed under the loads
provided by ETABS which are displayed in figure 40. Appendix E provides the hand

calculations required for this design.
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Figure 40: Forces on coupling beam
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It was found that the coupling beam has sufficient strength with (4) #7 bars on both the top and
bottom of the beam to resist flexure and #3 stirrups spaced at 10 inches to resist shear forces. The
moments on each end of the beam are in opposite direction because lateral forces controlled the
design; therefore flexural reinforcement is required in both the top and bottom of the beam.
Because the maximum moment occurs at the interface between the coupling beam and the edge
of the wall, a check for development length had to be done. It was determined that the
reinforcement requires 27 ¥ inches to develop its strength if a hook is not used. If a hook (figure
42) is used, the length of the hooked end must be greater than 22 inches. As long as either

requirement is met, the contractor is free to decide which layout to use when placing the steel.

Figure 41: Detail of coupling beam reinforcement
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Figure 42: Detail of developed length
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Impact on Foundation

The existing mat foundation was designed due to poor soil conditions and uplift forces in the
columns of the lateral system. Because of the large gravity loads in each of the exterior columns,
the original assumption was that there would be no uplift forces on the foundation. After
analysis, the contrary was proven. The columns of the moment frame have uplift forces caused
by seismic forces. Therefore, the recommendation would be to keep the mat foundation but
depending on the detailing of the additional rebar cages, their size may be reduced or they may

not be needed.

Because there are only columns on the exterior of the foundation, the trench in the original
design is not necessary. The shear walls will require details to ensure rebar is continuous from
the walls to the foundation. In this case, the recommendation would be to use hooked bars to
guarantee a strong connection at the interface of these elements. If possible, it may be beneficial

to pour a segment of the shear walls with the foundation to create a monolithic connection.
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Breadth Topic I: Architectural Study

Using a staggered truss system has a direct impact on the interior spaces of Res Tower Il. In
some cases, the story deep trusses will run through open spaces and affect the architectural
dynamic of the building. This study will follow the decisions to exclude some trusses and allow
others to interact with the existing architectural scheme. In each case, an image of the existing
appearance, a rendered image of the truss in the existing conditions and the corresponding floor
plans will be provided. The following three spaces will be addressed:

e Main lobby on first floor

e 26" floor conference room

e Large study area on second floor

Main Lobby on First Floor

The main lobby of Res Tower Il is a large open space with four large columns in the middle that
define a seating area with no walls. Figures 44 and 46 are renderings of the existing conditions
for the lobby and show the seating area that was just discussed. Figure 43 is a plan of the first
floor and shows the view point of each rendering, along with the corresponding view angles.
This lobby layout was requested by the client and therefore is an important space to maintain. In
the original truss layout for the structural system a truss ran through the middle of the lobby.
Rendered images of how this truss would fit into the lobby are shown in figures 45 and 47.
Having a truss through the middle of the lobby has an obvious negative impact on the space. It is
clear that if this truss were to remain in the lobby it would interfere with the flow of the space
and conflict with the client’s request of an open lobby area. For the reasons discussed, the truss

in the space was not used in the final structural design.
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Figure 43: Floor plan of lobby with views denoted
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View from reception desk (view 1)

Figure 44: View of lobby from reception desk

Figure 45: View of lobby with truss from reception desk
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View from main entrance (view 2)

Figure 47: View of lobby with truss from main entrance
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26" Floor Conference Room

The conference room on the top floor of Res Tower Il is another large open area and is
completely enclosed in glass. Round columns line the exterior of the building but aside from
these and the stairwell walls, there is no structure exposed at this level. In the original structural
redesign, a truss ran through this space to maintain a lateral tie between exterior columns. Figure
48 presents the 26™ story floor plan with an angle denoting the view point of the rendering in
figure 49. An architectural study (figure 50) of this space with a truss running along the wall of
the stairwell shows that a truss in this location is plausible but not desirable due to safety
hazards. This truss would need to be fireproofed and most likely wrapped in some kind of
padding to meet safety codes. The fireproofing could be done using an attractive paint but the
safety padding may cause the truss to become bulky and block the corridor along the outside of
the space. Due to the negative impact a truss in this location would have, it was decided to use
the existing framing plan for this area.
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Figure 49: View of 26th story area

Figure 50: View of 26th story area with truss
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Large Study Area on Second Floor

The second floor of Res Tower Il is the support floor for the residents. It consists of study
lounges, computer labs and res-life coordination offices. In all but one case, the trusses can be
hidden in existing walls. An open space on the western side of the building presents an
opportunity to allow a truss to interact positively with the architectural dynamic. Figure 51
shows where this area is located on the floor plan as well as denoting the point from which the
photo in figure 52 was taken. Figure 53 represents how this space would look with a truss
exposed. Of course this truss could be hidden by adding a division wall from the column to the
exterior wall but the original space gains an attractive feature if the truss remains exposed. Not
only does the truss make the space more attractive but it could also become a utilitarian aspect of
the study lounge. Plexiglass panels or dry-erase boards could be hung from the HSS members
and could be used to work out problems as a group. A truss at the 2" floor would be difficult to
remove because a change in this area would greatly affect the design of the rest of the structure.
A truss in this space also provides a positive, exciting dynamic that was not present in this space

before. For the reasons presented above, this truss was kept in the structural system.
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Figure 51: 2nd floor plan with view point denoted
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Figure 52: View of study lounge

Figure 53: View of study lounge with truss
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Breadth Topic Il: Site Logistics and Schedule

The second breadth study focuses on the creation of an efficient site logistics plan based on the
new structural steel design. Additionally, a new estimated schedule will be developed to plan

how the structural materials will be delivered and stored on site when necessary.

To start, a schematic plan was created of the site before construction started (shown in figure 54)
to evaluate what impacts on the surrounding environment needed to be avoided. Res Tower Il is
shown in blue with access roads outlined in red. See the key on the image for further

explanation.

Fublic road D Res Tower I | Existing buildings |:| Existing parking area

D Fencing and Gates

Figure 54: Preconstruction site plan
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To allow for full operation of the surrounding buildings and athletic facilities, the construction
site was confined to the area enclosed by the fencing in figure 54. The access road along the
south east side of the fence provides service vehicles and buses access to Harry Agganis Arena.
The two other roads defining the shape of the site are public roads which are only used by BU

employees who park in the lots shown.

Once the boundaries of the site were established, site storage and delivery routes had to be
determined for the structural materials. Due to the restricted site and the size of the prefabricated
trusses, the decision was made to have them delivered and taken directly from the truck to their
final position instead of storing them on site. The public roads surrounding the site are large
enough for an 18 wheel truck and so are the entrances onto them from the main road. This
quality of the site allows delivery trucks to enter and exit the site easily without blocking off any
roads for an extended period of time. The delivery path is shown as yellow arrows in the figure
on the following page. The delivery location and storage areas, denoted by a yellow hatch, were
carefully planned based on distance from the building and distance from the delivery route. A
temporary delivery road was added from the existing public road on the north side of the site to

the eastern gate so that no traffic will be blocked while the trusses are being delivered.

Crane location was dictated by the length of the building and the delivery locations. The most
efficient location was determined to be at the north corner where the two towers meet because it
allowed the crane to reach all sides of the building and be closest to the tallest tower. It was
important to keep the crane closest to the tallest part of the building to allow for a lateral tie back
all the way up the crane. Of course, this location could not have been used if there wasn’t a crane
that could carry the weight of the trusses at the farthest required distance. Each truss weighs
about 3000 to 3500 Ibs and 160 ft is the greatest horizontal distance a truss is located from the
center of the crane. Terex Cranes makes a flat top crane that has a max jib length of 180 ft and a
capacity at max length of 1.93 tons or 3860 Ibs (model number CTT 121/A-5 TS16). This crane
location ensures that it will not swing over any adjacent buildings, especially Harry Agganis

Arena.
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Public road D Res Towerll Existing buildings D Existing parking area

D Fencing and Gates Public one way road Public two way road

Temporary Facilities

Figure 55: Site logistics plan

Temporary facilities such as office trailers and
porta-johns were located on the edge of the site to
avoid taking up valuable space for material and
personnel circulation. If more space is necessary,
space can be designated on the ground floor that
can be temporarily occupied by contractors.

Figure 56 provides a closer look at the construction

site using the same key as figure 55.

. s ] Page 55 of 95
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The second part of this study was to create a schedule for the new structural design which is
presented in appendix F. An arbitrary date of April 1, 2011 was chosen but the start date does not
affect the schedule itself. To create this schedule, the construction process had to be broken
down into five main, chronological steps:

1. Shear walls

2. Truss and Columns

3. Joists

4. Decking

5. Slab
As can be seen from the schedule, the construction of the shear walls will have the longest
duration due to the curing time of concrete. Because all other structural elements frame into the
shear walls, they need to be completed to a certain floor before other disciplines can start
construction. The decision was made to break the building up into groups of 4 levels. The shear
walls are constructed for four levels and allowed to cure then the steel erection (column and
trusses) complete the same four floors. This sequence continues up the building until complete.
Joist, decking and slab construction are done relatively quickly but must wait until each
contractor can work continuously without being slowed by the shear wall construction and steel
framing erection. Limiting the contractors time on site will decrease cost of the project and
prevent site congestion.
This division of disciplines also allows efficient use of the crane. If the crane is not being used
for multiple disciplines, a more precise lifting schedule could be created and confusion could be
avoided by limiting the crane operator to one task at a time.
Table 5 provides the daily output values from RSMEANS to create the schedule. These values
are per crew. Two decking crews were used to increase productivity and to allow the schedule to

continue efficiently.

Element | Crew Daily Output (units)
Slab C-20 160 C.Y
Decking | E-4 2850 | sq. ft
Linear
Joists E-7 1500 ft

Table 5: Daily output values
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MAE Course Related Study: Connections Design

Utilizing the knowledge gained from AE 534: Steel Connections and by following the discussion
presented in Design Guide 14: Chapter 4, typical connections were designed for the trusses. The
following two connection types were chosen to design because they are highly repetitive in the
structure:

e Diagonal and vertical web members to the bottom chord member

e Truss to the column web
All connections are done using gusset plates to allow for multiple members to frame into the
same location with no eccentricity. Design Guide 14 suggests using welded-welded connections
for members of the truss and bolted-bolted connections for truss to column interfaces. A welded-
welded connection between truss members is done because these trusses will be shop fabricated
and transported to the site in one piece. Steel erection practices dictate bolting the truss to the
column. The truss will be connected to the web of the pre-erected columns and therefore using a
bolted-bolted connection allows for larger construction tolerances than a bolted-welded
connection would. Also, it would be difficult to align the truss if the angles of the connection

were already a part of the truss. Please see Appendix G for the hand calculations of this design.
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Web Members to Bottom Chord Member:

Figure 57: Detail of welded connection

Figure 57 shows the geometries and loads used in this design. As stated above, Design Guide 14

recommends using welded-welded connections for truss members because the trusses will be

assembled in a controlled environment. This controlled environment allows for more control of

construction tolerances and therefore welds can be used to an advantage. All aspects of this

connection were designed including gusset plate size, weld sizes and weld lengths.

The design guide gives four limit states to check for members in tension and a fifth for

compression members. They are as follows:
1. Shear Lag Fracture Strength in the HSS
Shear Strength of the HSS at Welds

Strength of the Weld Connecting the Gusset Plate to the HSS

2

3

4. Shear Strength of the Gusset Plate

5. Strength Based on Buckling of the Gusset Plate
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Truss to Column Web:

Figure 58: AISC connection detail

Figure 58 is a detail taken directly from Design Guide 14 of
the “truss to column connection.” As stated above, the design
guide recommends using a bolted-bolted connection for easier
construction. The weld connecting the truss members to the
gusset plate was not designed in this section; it was assumed
that by designing the weld in the previous section the forces
will be transferred completely to the gusset plate. The design
guide discusses a technique to design this connection that is
slightly ambiguous and therefore this design was done
completely using lecture notes and knowledge from AE 534:

Steel Connections.

Figure 59 shows the members, loads and geometries used in the design of this connection. Using

the geometry of the connection,

it was determined how the tension force in the bracing member

is distributed to the column in terms of shear and axial forces at the beam and gusset locations. It

was determined that the beam to column connection needs to transfer 49.24 ¥ in shear and 64.1

in compression and the gusset to column connection needs to transfer 93.53 ¥ in shear and 64.2 ¢

in tension. Only the number of bolts and angle sizes were calculated for this section of the

connection design.

Figure 59: Bolted connection detail
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Gusset-to-Column Connection:

Table 6 shows which limit states were checked for this connection as well as the corresponding
max shear (¢V,) and tension (¢T,) values. It is clear to see that all values are greater than the

forces of the connection (V,) and therefore the connection has adequate strength.

Gusset-to-Column Connection V, = 93.53 k T,=64.21 k
Bolt Limit States v, (K &T, (k)
Shear 96.76
Tension 90.09
Bearing & Tearout 232
Angle Limit States dV, (K
Shear Yield 177.7
Shear Rupture 355.5
Block Shear 110.7

Table 6: Connection design strength design strength

Gusset-to-Column Connection:

Table 7 shows the limit states that were checked for this connection. For the “Bolt Limit States”
section, it is important that the force on each indivudual bolt (R,) is less than the capacity of the
bolt (¢Vn). The “Bearing & Tearout” value for ¢V, must be greater than both the shear and
compression forces because both of these can cause bearing failure. In the “Angle Limit States”

section, the capacity (¢Vy) is greater than required strength (V) and therefore the connection is

adequate.
Beam-to-Column Connection V= 49.24 k C,=64.1 K
Bolt Limit States $v, (k) R, (k)
Shear 31.8 30.62
Bearing & Tearout 100.05
Angle Limit States dV, K
Shear Yield 108
Shear Rupture 74
Block Shear 107.8

Table 7: Gusset-to-Column design strength
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Conclusion

A staggered truss system was successfully designed and efficiently implemented into Res Tower
I1. As a result of investigating the best use of a staggered truss system to resist gravity and lateral
loads, it was determined that for Res Tower 11, it is not practical to design the truss system to
resist lateral loads. The staggered truss system efficiently supports the gravity loads but to resist

lateral loads, member sizes would need to be unreasonably large.

To allow the trusses to only support gravity loads, a lateral system was designed using concrete
shear walls and steel moment frames. To increase the moment of inertia and stiffness of the
central core shear walls, coupling beams were added to connect the two C shaped walls
surrounding the elevators. The steel moment frames were stopped at the 19™ floor to increase the
efficiency of the system. Max deflections of 5.79 inches at the 19" floor and 8.74 inches at the
26" floor are both within code limitations. This is an efficient design and the designer feels

confident that this system could be used in the construction of a Boston high rise.

A goal for this design was to avoid negatively affecting the interior appearance of Res Tower II.
The trusses are only exposed in a study lounge on the second floor. Exposing the structure in this

area positively changes the space by adding a landmark feature to an ordinary space.

A logical site logistics plan was created that provides a delivery route and site layout that avoids
blocking any traffic and does not influence the infrastructure of the surrounding buildings. The
construction schedule provides a rational process that allows for an uncongested site and

efficient construction duration.
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Appendix A: Method of Joints and Truss member design
Method of Joints
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Appendix C: New Seismic Design Criteria and Loads

| Seismic Design Criteria |

| |
5

Height Weight wWhk
Level (ft) (K) CVvX Fi (k) Vi (k) M (ft-k)

|

m

Y | 32812.46 Base: 2734 518470
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Appendix D: Shear Wall Design
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Appendix E: Coupling Beam Design
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