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Project Overview
. Size - 276,000 sq ft Architecture -

+ Construction - Aug 10 - June '12 « Primarily residential use providing 929 rooms
+ Cost - $44 _mllhon '(hard costs) for John Hopkins Graduate students
Contract - Single Prime « A9 and 20 story tower composed of a brick
+ Owner - Education Realty Trust and glass fagade with metal panels to provide
Architect - Marks, Thomas Architects e ook

Contractor - Clark Construction « Accessible green roof terrace on the lower tower
« Mechanical - BKM

Structure -

» Typical floor framing is an 8" thick two way
post-tensioned slab system

» Deep foundation system consisting of Caissons
ranging from 3 to 4.5 feet in diameter

« Ordinary reinforced concrete shear walls used
to transfer lateral loads down to the foundation

Electrical -
. : « 2400 Amp 3 phase, 4 wire from utility company for
Mechanical normal 208Y/120V and 480Y/277V systems
« 5 Air Handling units with an average « First 8 floors (208Y/120V systems) are serviced
flow of 4500 cfm separately than the remaining primarily through

« VAV boxes with electric reheat coils 1000 amp bus ducts.
located throughout the building 4000 KW 480Y/277V 3 phase, 4 wire generator for

« Cooling is provided by two 350 ton emergency systems on 1# floor
water cooling towers

Brad Oliver’s CPEP website: http://www.engr.psu.edu/ae/thesis/portfolios/2012/BRO5010/index.html
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Executive Summary -

Johns Hopkins Graduate Student Housing is a 20 story apartment complex located in Baltimore
Maryland. The first floor is comprised of a three commercial spaces while the rest of the
building is residential. The existing structure is composed of an 8 inch thick post-tensioned
concrete slab. Lateral loads are resisted through one foot thick shear walls extending the whole
height of the building.

In order to make a problem within the structure, a move to San Francisco was proposed. Moving
to a high seismic region would cause the tall shear walls to no longer be code compliant. The
proposed solution for this project then was to design a dual system of eccentric braced frames
with moment connections capable of resisting at least 25% of the seismic load. These frames
were designed according to AISC Seismic Provisions. At the Baltimore location, controlling

wind deflections was the greatest challenge and caused the design to incorporate several frames.

In order to reduce seismic weight and prepare the structure for a seismic region, the gravity
system was redesigned utilizing composite steel beams. Typical sizes for the beams were found
to be W12X19 when sized by hand or Ram Structural Systems. A goal for designing the gravity
system was to minimize the structural depth just as the original structure had done. This was

achieved through small tributary areas and the composite system.

One the structure was designed at the current location, the move took place and was analyzed
once again. Many of the structural elements, particularly columns, needed to be upsized by 10-
20 pounds per foot. Unfortunately, the building was also found to once again be torsionally

irregular despite the addition of several frames.

In order to compare and see if the steel system was viable, a cost a schedule analysis was done
comparing the two structures. It was found that the steel system resulted in an expedited
schedule and cost savings, but further investigation of the connections would need to be done to
ensure accuracy. An architecture breadth was also performed. Minimizing the architectural
impact was a goal throughout the design process but not all conflicts could be avoided. The

lounge and fitness room were the locations studied and rendered for this project.
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Introduction —

Located just outside the heart of Baltimore, two blocks from John Hopkins campus, is the site for
the new John Hopkins Graduate Student Housing. This housing project is being constructed in
the science and technology park of John Hopkins. A developing “neighborhood”, the science
and technology park is over 277,000 sg. ft. which is planned to host at least five more buildings
dedicated to research for John Hopkins University. The site is also directly across from a 3 acre
green space. This location is ideal because
it places graduate students within walking
distance of the schools hospitals, shopping,

dining and relaxing.

John Hopkins Graduate Student Housing
project is a new building constructed with

brick and glass facades for a modern look.

B s ot e A e ‘ s
Figure 1 - Showing glass and brick facade along with curtain Upon completion, the building’s main
%,lvjﬂlction is predominantly for graduate residential use, providing 929 bedrooms over 20 floors.
There are efficiencies, 1, 2, and 4 bedroom apartments available. Other features include a fitness
room and rooftop terrace. A secondary function of the building is three separate commercial
spaces located on the first floor. Retail spaces provide a mixed use floor, creating a welcoming
environment and bringing in additional revenue. At the 10" floor, the typical floor size
decreases, creating a low roof and a tower for the remaining ten floors. Glass curtain walls on

two corners of the building also begin on the 10" floor and extend to the upper roof.

The fagade of John Hopkins GSH is composed mainly of red brick and tempered glass with
metal cladding. Large storefront windows will be located on the first floor and approximately 6’
x 6’ windows in the apartments. The curtain wall is to be constructed of glass and metal
cladding that can withstand wind loads without damage. There is a mechanical shading system

in the windows to assist in the LEED silver certification.
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John Hopkins GSH is striving to achieve
LEED silver certification. Most of the points
accumulated to achieve this level come from

the sustainable sites category. A total of 20/26

points were picked up in this category due to a
number of achievements such as; community
connectivity, public transportation access, and
storm water design and quality control. Indoor
air quality is the next largest category where
the building picks up an additional 11 points

Figure 2 - an overhead showing the green roof and large
green area across the street

construction. Several miscellaneous points are picked up for using local materials and recycling

for the use of low emitting materials throughout

efforts as well. Shading mechanisms are also implemented throughout the design as well as an

accessible green roof.

There are three different types of roofs on this project. Above the concrete slab on the green roof
is a hot rubberized waterproofing followed by polystyrene insulation, a composite sheet drying
system, and finally the shrubbery. The sections of roof containing pavers will be constructed
using the same waterproofing, a separation sheet, the insulation and finally pavers placed on a
shim system. The remaining portions of the roof will be constructed using a TPO membrane

system.
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Structural Systems —

Foundations:

A geotechnical report was created based on 7 soil test borings drilled from 80’ to 115’ deep.
Four soil types were found during these tests: man placed fill from previous construction 7-13
feet deep, Potomac group deposits of silty sands at 40-75 feet, and competent bedrock at 80-105
feet. Soil tests showed a maximum unconfined compressive strength of 12.37 ksi. The expected
compression loads from the structure were 2400k and 1100k for the 20 and 9 floor towers,
respectively. The foundation system will also have to support an expected uplift and shear force,
respectively, of 1400k per column and 180k per column. Based on pre-existing soils and heavy

axial loads it was determined that a shallow foundation system was neither suitable nor

economical.

In order to reach the competent bedrock, John Hopkins GSH sits on deep caissons 71-91 feet

deep. Caissons range in 36-54” in diameter and are composed of 4000psi concrete. Grade
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W2.9XW2.9 and rests on 6” of
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Figure 3 - a detail section of a caisson and column
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Floor Framing:

Dead and live loads are supported in John Hopkins GSH through a 2-way post-tensioned slab.
The slab is typically 8” thick normal weight 5000 psi concrete reinforced with #4 bars at 24 on
center along the bottom in both directions. The tendons are low-relaxation composed of a 7-wire
strand according to ASTM A-416. Effective post tensioning forces vary throughout the floor,
but the interior bands are typically 240k and 260k. This system is typical for every floor except
for the 9™ which supports a green roof and accessible terrace. Higher loads on this floor require
a 10” thick 2 way post tensioned slab reaching a maximum effective strength of 415k. The
bottom layer of reinforcing in this area is also increased to #5 bars spaced every 18”. One bay on
the 9™ floor (grid lines 7-8) is constructed with a 10” cast in place slab. Plans of this floor can be

found in appendix E.

Mechanical penthouses exist on the 9™ and 20™ roof constructed with a steel moment frame.
Typical sizes for the 9™ floor penthouse are W10’s and W12’s with 1.5” 20 gage “B” metal deck.
As for the 20" floor penthouse, the typical beam size is W16x26. Equipment will be supported
on concrete pads typically 4” thick. Two air handling units and cooling towers on the roof will

require 6” pads.
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Figure 4 - Typical floor plan of upper tower
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The loads will flow through the slab and reinforcement to the columns eventually making their

way down to the foundation. To tie the slab and framing system into the columns, two tendons

pass through the columns in each direction. To further tie the systems together, bottom bars have

hooked bars at discontinuous edges. Dovetail inserts are installed every 2’ on center to tie the

brick fagade in with the superstructure. Columns are typically 30”x20”” and composed of 4ksi
strength in the northern tower (9 floors), while columns in the southern tower vary from 8ksi at

the bottom, and 4 ksi at the top.
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Figure 5- Typical detail for post tensioned tendon profile
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Lateral System:

John Hopkins GSH is supported laterally through a cast in place reinforced concrete shear wall
system. All of the shear walls are 12” thick and located throughout the building and around
stairwells and elevator shafts. Shear walls in the 9 floor tower are poured with 4000psi strength
concrete while shear walls in the 20 floor tower vary in three locations. From the foundation to
7" floor, 8ksi concrete is used, 6ksi from 7" to below 14" floor, and 4ksi for walls above the 14™

floor. The shear walls are tied into the foundation

system through bent vertical bars 1’ deep into the o el
[}
grade beam as shown in figure 6. Shear walls are T f

shown below in the figure with N-S walls highlighted | *®WasEaTHL1) | |
JJd 141 Je

| T, GRALTHT e ST Pt
]

in blue and E-W walls red. Walls in the center of the

tHoWw NP NP m’j | {13
building will support lateral stresses directly, while BFh, ..‘""’""“LJ l.J—-*““"" .
) _ TYPICAL BOTTCM
those on the end support the torsion effects caused by @%&M:&w
eccentric loads. L S R o

Figure 6 - detail tying shear wall into foundation
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Figure 7 - Shear wall layout
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Building Code Summary —

John Hopkins GSH was My Thesis analysis/design will
designed to comply with: be based on:

General Building Code IBC 2006 IBC 2006

Lateral Analysis ASCE7 ASCE7-05

Concrete Specifications | ACI 301, 318, 315 ACI 318-08

Steel Specifications AISC and AWS D1.1 AISC 2006

Masonry Specifications

ACI1530.1/ASCE 6

ACI 530.1-08/ASCE 6-08

Table 1- Building Code Comparison

Material Strength Summary —

Material Strengths

Concrete

Material Weight (Ibs/ft®) Strength (psi)
Footings 145 4000

Pile Caps 145 4000

Caissons 145 4000

Grade Beams 145 4000
Slab-on-grade 145 3500

Slabs/beams 145 5000

Slab on metal deck 115 3500

Columns 145 Vary-see schedule
Shearwalls 145 Vary-see schedule
Steel

Shape Grade Yield Strength (ksi)
W Shapes A992 50

S, M and HP Shapes A36 36

HSS A500-GR.B 42

Channels, Tees, Angles, Bars, | A36 36

Plates

Reinforcing Steel GR. 60 60

Table 2 - Material Strength Summary

04/04/11
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LLoad Calculations —

_ LOADNG SCHEDULE  (PSF)

Dead Loads: o= . R P
i Woie | Temae | mom woor | RS | TR R | LK

The dead loads calculated have confirmed the B - — i

. . . WETAL JTCK - - - 2 - -

dead loads that were provided in the loading W 5 . s . s s

MERANE - [ -

schedule as seen in figure 8. It appears that the o - - -

. . . ; SRETITION (VT LCAS) » - " =
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iv ign. AN :
99 g S T s s vy s s i
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Live Loads:

Figure 8 - Summary of loads used by designer

It seems John Hopkins used loads very similar to the ASCE7-05 standards. Exterior mechanical

loads were not specified in the standard, but I am assuming the equipment can cause significant

loads while operating. The 30psf on non-assembly roof areas is most likely a judgment call to

account for the maintenance that would be required for a green roof. Although not specified on

the table, the 100psf required in the corridor and stairwells are most likely balanced by the large

banded post tensioned tendons running parallel to the corridor and around the stairwells.

Area Designed for — (psf) ASCE7-05 (psf)
Typical Floor 55 (includes partitions) 40 (residential) + 15 (partitions)
Corridors N/A 100

Stairs N/A 100

Assembly N/A 100

First story retail N/A 100

Roof used for garden/assembly | 100 100

Exterior Mechanical areas 150 N/A

High Roof 30 N/A

Penthouse Roof 30 N/A

Planter Areas 30 N/A

Table 3 - Live Load Comparison
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Problem Statement —

After performing a gravity and lateral analysis, the Johns Hopkins Graduate Student Housing
project was found to be efficient and sufficient. In order to create problems in the structure and
provide a learned experience in seismic area, a scenario has been proposed where the project site
has been changed from Baltimore to San Francisco, California. The site change results in the

structure being classified in seismic design category D.

Once the building location has been changed, the first problem occurs in the lateral system.
ASCE 7-05 does not permit ordinary reinforced shear walls in SDC D; therefore, a dual system
with moment frames capable of resisting at least 25% of the seismic loads will need to be
designed. Lateral loads will be resisted primarily through eccentrically braced frames which

need to be designed.

To reduce the seismic weight and loads on the building, the post-tensioned floor system will also
need to be redesigned using a composite floor system. Using a steel frame will also provide

more ductility to the structure as well.

The original design goals such as cost, minimal floor-floor depth, and appealing architecture,
must also be of importance for the redesign. The project was found to be torsionally sensitive in

Tech Report 3, so an additional goal for this redesign is to minimize torsional effects.
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Problem Solution —

Structural Depth:

To solve the problems associated with moving the building to a seismic region, a steel framing
system needs to be designed to withstand the gravity loads as defined by ASCE7-05. The steel
structure will be designed to be as economical as possible while keeping the floor-to-floor
heights at a minimum just like Tech Report 2. To minimize the structural depth, a composite
system will be used to take advantage of concrete’s strong compression properties. IBC 2006
mandates a 2-hour fire rating; therefore, the deck will also need to be designed accordingly. The
gravity system also needs to satisfy strength and serviceability requirements such as L/240 for
total load and L/360 for live load.

Once the gravity system has been designed, a lateral system needs to be designed to resist wind
and seismic loads. Eccentrically braced frames will be the main lateral force resisting system.

In order to reduce the torsional sensitivity of the building, braced and moment frames will be
placed near the core of the building as well as the exterior. The frames also need to satisfy
strength and serviceability requirements. To maximize the ductility in the system and the
architectural flexibility, an eccentric braced frame, and moment frames will be designed. For
eccentric frames the link element, the beam between braces, is the critical element because it will
deform the most. Deformation will provide ductility for the system and absorb seismic loads and
reduce the chances of a sudden failure. The lateral system will need to comply with ASCE

standards regarding drift limits according to table 12.12-1.
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Construction Management:

Changing the main construction method will significantly impact the schedule and cost. Steel
erection typically results in quicker schedule than concrete because there is no need for
formwork construction and tear down which would save the owner money. An expedited
schedule would result in some cost savings for the owner also. Steel connections however would
increase the cost of the structure, and if the building height isn’t kept to a minimum, the fagade

will cost more money as well.

Comparisons will be made with regards to cost and schedule analysis at the current location
between concrete and steel, and then again once the site is moved to a seismic region. The
seismic region will result in more detailed connections, larger members, and possibly more

members.

Architecture:

Altering the lateral system from shear walls to a steel braced frame will change numerous
architectural features. Columns will need to be moved so they are centered on the grid lines, and
added in several locations to limit the span of beams and girders. A steel system will make the
most impact in the braced frames. An additional goal for the structural redesign will be to reduce
torsion in the building, requiring braced frames in more locations than the current shear walls.
These additional frames will cause functional changes to apartments near the outer walls and

some of the public spaces such as fitness room and lounge.

Apartments and commercial spaces affected will be inspected to see if the frame can still be
architecturally pleasing. If not, then the space will be redesigned to implement the frame while

maintaining a functional and aesthetically pleasing space.
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Structural Depth, Baltimore Location —

Gravity System:

The existing concrete system didn’t have columns at every gridline, and sometimes were not
centered on the gridlines. In order to make a more regular bay and layout, columns were added
in some locations, or moved one to two feet, to create a geometrically clean and efficient layout.
Moving the interior columns one foot towards the center of the building created 3 bays in the
short direction of 24 feet on the edges, and 16 feet in the center. The beams were then designed
to be spaced at 8” on center in order to minimize the tributary area to maintain low floor-floor
heights. Figure 9 shows where new columns were added. The new columns were located where
a wall used to be so that the architectural impact could be kept to a minimum. For analysis

purposes, existing columns were moved to the nearest gridline and centered.
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Figure 9 - Steel Column Locations

Composite steel beams were used in order to utilize the compression properties of concrete to
resist part of the load. Using the concrete as a part of the gravity system would also help limit
the depth of the structural system, ultimately reducing the overall height of the building. A
composite beam system also helps maintain an economical design. 2 VLI composite deck with a
2 inch topping was chosen to be the floor system to maintain a two-hour fire rating in order to

comply with building codes.
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To start the design, beams were designed based on an iterative process to control deflections and
meet strength requirements. With typical spans of 25 feet, the first step of the design process
was to find the minimum moment of inertia required to meet serviceability requirements. Trial
beam and stud designs were picked and compared with one another to determine which one was
most economical before calculating the various strength requirements. Typical bays on the
interior and exterior sides of the building were designed by hand and can be found in Appendix
B.

In order to expedite the design process, the grids, columns, and loads were put into RAM
Structural System. Before running the design process however, some assumptions needed to be
made. Defaults were adjusted so the beams would be designed to include no camber, and to
minimize the structural depth. Minimizing the structural depth was an original design goal so
that the overall height of the building will be approximately the same and won’t increase the cost

of the facade.

After running the design process, typical sizes of beams were found to be 12X16. A full plan
view of the short and tall tower can be seen below in figures 10 and 11 respectively. These
designs were compared to the ones designed by Ram and were found to be very close. Ram was
slightly more efficient because it’s able to compare many more combinations of beams and studs

quickly to determine the most economical pairing.

Figure 10 - Beam Design of Short Tower
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Figure 11 - Beam Design of Tall Tower

Preliminary designs of columns were also performed by hand and can be found in
Appendix C. The factored ultimate load was compared to the reduced strength factor.
Interaction equations were not done in the interest of time, but the second order effects
were included in the computer design, and were close to the ones designed by hand.
Column splices were included at every other floor for constructability purposes.

OSHA won’t allow work to be done more than two floors above grade or metal deck

without fall protection, so columns will be erected and spliced as drawn in figure 12.
This will also allow for the design to be economical. Once the initial gravity model
was complete, the final height of the building was 207 feet, only 3 feet higher than the

original.

Figure 12 -
Column Splice
Locations

7iops.
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Eccentric Braced Frame Background:
Once the gravity system was designed, the lateral system was the next step in the design process.
Eccentric braced frames are braces that do not stretch from column to column, but instead

connect at the beam and have an eccentricity known as e. This is illustrated below in figure 13.
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Figure 13 - Courtesy of http://www.fgg.uni-lj.si/kmk/esdep/master/wg01b/10720.htm

For this particular project, a layout similar to “b” in figure 13 will be used in order to reduce the
stresses on the connections. Layouts “a” and “c” put a lot of stress on the moment connection in
those regions because of the high rotation at that location. In eccentric braced frames, the beam
segment between the two braces is known as the link element and will be the most critical piece
in frame design. Ideally, as lateral loads are applied to the structure, the brace will apply shear
and axial loads on the link element beyond its elastic capacity. It will deform and dissipate

energy which is an advantageous feature in a high-seismic region such as San Francisco.

Eccentric braced frames have several advantages when comparing them to typical chevron or
moment frames. Chevron frames are very stiff, making deflections easier to control, but they

inhibit the functionality of the architecture. Moment frames allow for the most flexibility of
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spaces, but are often too ductile for many situations. Due to the height of John Hopkins
Graduate Student Housing, and the need for a flexible floor plan, eccentric braced frames were
selected as the best option. The first design aspect of the braced frames is the link length. If the
link is longer, the frame is less stiff and could be controlled by a combination of shear and
flexure. The more desirable option is to have a shorter link length to increase stiffness, and have
the design be controlled by shear. A graph representing the relative stiffness of a frame and link
length can be found in figure 14. With a tall building, such as the John Hopkins Graduate

Student housing, where serviceability will be an issue, especially with wind, the shorter link is an

advantageous design.
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Figure 14 - Courtesy of Seismic Design Handbook

Figure 15 shows an idealized deformed shape of the eccentric braced frame. The link element is
designed to deform greatly and dissipate most of the lateral loads. The rest of the beam is
designed to remain elastic. Columns are designed to have a larger plastic moment capacity than

the beam, known as strong columns weak beam design, to ensure that a pancake failure won’t

occur.
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Figure 15 - EBF Deformed Shape

Load Combinations:

Before running the program, it was expected to see wind control the design because most of the
concrete weight was removed, causing a decrease in seismic loads. The East-West direction was
also predicted to be the most critical direction because it is a large, tall rectangular face that
would collect a lot of force. After running the analysis, the predictions were confirmed that wind
controlled in drift and strength in the East-West direction. Unlike the original structure however,
the fourth wind load case including 15% eccentricity did not control. 100% of the wind load
applied in the East-West direction controlled, which is an indicator that the torsional irregularity

was removed. This will be discussed and calculated later with actual drift values.

Due to keeping the height of the new structure within three feet of the original, the wind loads
were the same as the previous concrete design. The wind loads in the East-West direction are

summarized below in tables 4 and 5.

04/04/11 Page 23



Brad Oliver - Structural
Advisor: Prof. Memari

Final Report

John Hopkins Grad Student Housing

Baltimore, Maryland

Criteria E-W Direction
Tall Tower Floor Height (ft) |Kz |0z p (windward) (psf) |p(leeward) (psf)
Gr 0.87] Penthouse 208.42| 1.21| 21.327 18.68 -13.12
Cp (Windward) 0.8 Roof 194.25| 1.19| 20.974 18.37 -13.12
Cp (Leeward) -0.5 20 183.9| 1.17| 20.622 18.06 -13.12
Gcepi 0.18 19 174.6| 1.15| 20.269 17.76 -13.12
Velocity (MPH 90 18 165.3| 1.13| 19.917 17.45 -13.12
Lower Tower 17 155.9 1.12| 19.741 17.29 -13.12
Gt 0.85 16 146.6| 1.1)19.388 16.98 -13.12
Cp (Windward) 0.8 15 137.2| 1.09| 19.212 16.83 -13.12
Cp (Leeward) -0.5 14 127.9| 1.07| 18.859 16.52 -13.12
Gcpi 0.18 13 118.6| 1.04| 18.331 16.06 -13.12
Velocity (MPH 90 12 109.3 1| 17.626 15.44 -13.12
11 99.9| 0.99| 17.449 15.29 -13.12
10 90.6| 0.96| 16.921 14.82 -13.12
9 81.3] 0.93| 16.392 14.10 -9.92
8 71| 0.89 15.687 13.49 -9.92
7 61.7] 0.85| 14.982 12.88 -9.92
6 52.3| 0.81) 14.277 12.28 -9.92
5 43) 0.76| 13.395 11.52 -9.92
4 33.7) 0.7|12.338 10.61 -9.92
3 24.3| 0.7] 12.338 10.61 -9.92
2 15| 0.7|12.338 10.61 -9.92
1 1| 0.7} 12.338 10.61 -9.92

Table 4 - Wind Load Calculations
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Table 5 - Wind Force Distribution

E-W Direction Tall Tower
Floor Height (ft) |Height Below (ft) |Heigh Above (ft) | Trib Area (ft2) | Story Force (K)
Penthouse 208.42 15.2 0 1236.52 23.10
Roof 194.25 10.33 15.2 2076.87 38.16
20 183.9 9.33 10.33 1599.34 28.89
19 174.6 9.33 9.33 1517.99 26.95
18 165.3 9.33 9.33 1517.99 26.48
17 155.9 9.33 9.33 1517.99 26.25
16 146.6 9.33 9.33 1517.99 25.78
15 137.2 9.33 9.33 1517.99 25.55
14 127.9 9.33 9.33 1517.99 25.08
13 118.6 9.33 9.33 1517.99 24.38
12 109.3 9.33 9.33 1517.99 23.44
11 99.9 9.33 9.33 1517.99 23.20
10 90.6 9.33 9.33 1517.99 22.50
9 81.3 10.25 9.33 1592.83 22.45
8 71 9.33 10.25 1592.83 21.49
7 61.7 9.33 9.33 1517.99 19.56
6 52.3 9.33 9.33 1517.99 18.64
5 43 9.33 9.33 1517.99 17.49
4 33.7 9.33 9.33 1517.99 16.11
3 24.3 9.33 9.33 1517.99 16.11
2 15 14 9.33 1897.90 20.14
1 1 1 14 1220.25 12.95
Base Shear (K) 505
Overturning moment (k ft) 58552

In addition to the wind loads being applied 100% in each direction independently; the three other

cases designated in figure 16 were also checked. Technical report three confirmed that case four

controlled several of the deflections indicating a torsional irregularity. In order to check all of

the combinations quickly and efficiently, Ram was utilized to calculate and input the wind loads.

After inputting the criteria, the story shears were compared to the original spreadsheet to confirm

the model was accurate.
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Main Wind Force Resisting System—Method 2 All Heights
Figure 6-9 l Design Wind Load Cases
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Case 1. Full design wind pressure acting on the projected area perpendicular to each principal axis of the
structure, considered separately along each principal axis.

Case 2. Three quarters of the design wind pressure acting on the projected area perpendicular to each
principal axis of the structure in conjunction with a torsional moment as shown, considered separately
for each principal axis.

Case 3. Wind loading as defined in Case 1, but considered to act simultaneously at 75% of the specified
value.

Case 4. Wind loading as defined in Case 2, but considered to act simultaneously at 75% of the specified
value.

Figure 16- ASCE Wind Cases

After inputting the wind loads and updating the structure to meet the design criteria, a new
seismic weight was established to determine earthquake loads. These loads were expected to be
much lower than the previous building due to a lighter steel system, and a higher R value (8). A
summary of these loads can be found in table 6, and show a large reduction in base shear. The
new structural system decreased the base shear from 798 kips to 165 kips, a 79% reduction.
Ram was once again utilized to expedite the analysis process when considering accidental and

inherent torsion, but the main story shears were compared to ensure accuracy.

04/04/11 Page 26



Final Report

Brad Oliver - Structural John Hopkins Grad Student Housing
Advisor: Prof. Memari Baltimore, Maryland
Seismic Force Distribution (Tall Tower) N-S
Floor |Height (ft) [Weight (k) | (wxhx)* Cwx Fx(K) |Overturning Moment (k ft)

Penthouse 208.42 205/ 1825519621  0.029 4.85 1009.82

Roof 194.25 458.8| 7942713060,  0.128]  21.08 4094.95

20 183.9 467.1f  7378756742]  0.119 19.58 3601.50

19 174.6 466.5| 6634249111  0.107 17.61 3074.36

18 165.3 466.5| 5946329945  0.096 15.78 2608.80

17 155.9 466.8] 5296072542  0.085 14.06 2191.38

16 146.6 467.1f 4689080355  0.075 12.45 1824.48

15 137.2 467.8|  4119349662|  0.066 10.93 1500.04

14 127.9 468.5| 3590544217  0.058 9.53 1218.85

13 118.6 469.5| 3100563079  0.050 8.23 975.99

12 109.3 470.5| 2644597478  0.042 7.02 767.18

11 99.9 471.7|  2220561107|  0.036 5.89 588.77

10 90.6 472.8| 1834895481  0.029 4.87 441.22

9 81.3 476.2| 1498855871  0.024 3.98 323.42

8 71 477.5| 1149379506/  0.018 3.05 216.59

7 61.7 476.2 863274893 0.014 2.29 141.37

6 52.3 477.1 622618772|  0.010 1.65 86.43

5 43 478.7 423705173 0.007 1.12 48.36

4 33.7 480.3 261990157|  0.004 0.70 23.43

3 24.3 483 137754822 0.002 0.37 8.88

2 15 492 54464400,  0.001 0.14 2.17

Sum 9659.6| 62235275995 Base Shear (K) 165

Base Overturning moment (k ft) 24748

Table 6- Seismic Load Distribution

Design Process:

Once again, Ram Structural Systems was used to assist in the design of the frames and speed up
the iterative process. Before running the analysis however, the default settings of Ram needed to
be adjusted. Braces were modeled as a pin connection at either end. Columns were orientated so
that the strong axis of bending was orientated in the direction resisting the force. Centerline
modeling was used in order to make rigid zone offsets and panel zone modeling negligible. P-
Delta effects were also accounted for in the design and checks of columns. Another assumption
made during modeling is the use of a rigid diaphragm. Figure 17 shows a 3D view of the

modeled tall tower.
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Figure 17- 3D Model of Tall Tower in RAM
The first attempt at designing the braced frames at the Baltimore location utilized an e/L ratio of
.1. For a 24 foot span, a link length of 28 inches was used. The first attempt also investigated

the use of light gauge bracing, such as C channels in order to reduce weight and cost of the

04/04/11 28



Final Report
Brad Oliver - Structural John Hopkins Grad Student Housing
Advisor: Prof. Memari Baltimore, Maryland

structure. When the analysis ran however, deflections were calculated to be 27 inches, well
above the L/400, 6.21 inches, recommendation for wind serviceability. To correct for such a
large displacement, a second attempt was ran utilizing W12X26 braces, adding more frames
overall, and shrinking the link element length to 20 inches, but the deflections were still not
acceptable. In the end, the design ended up using W14X43 braces as well as W14X48 beams to
limit overall deflection to 5.97 inches, within the recommended 6.21 inches. The layout of the
frames for the tall and short tower respectively can be found below in figures 18 and 19. The
star in the figure represents the most stressed frame and the one that was also checked by hand.

A secondary reason so many frames were used was to try and remove the torsional irregularity

that existed in the concrete system.

Figure 18 - Tall Tower EBF Layout

Figure 19 - Short Tower EBF Layout
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After getting the design to be acceptable for serviceability, it needed to be checked for strength.
Ram has a built in check, but a hand check was done to ensure accurate calculations and
understanding of the frame. Figure 20 displays a visualization of all the strength checks that
Ram performs on every member. Blue indicates the least stress and an acceptable interaction
equation while red indicates a failed requirement. While designing this feature was utilized often

to ensure the design was strong enough to resist the loads.

04/04/11 Page 30



Final Report
Brad Oliver - Structural John Hopkins Grad Student Housing
Advisor: Prof. Memari Baltimore, Maryland

|i
K
L

'

o
4

A+

g A A LA LTIV LALALAL L
SVt

4

Ny oy Ao A g B AT sy

Figure 20 - Tall Tower Strength Check via Ram

The hand checks were then compared to the Ram model and were found to have the same
conclusions. Due to the large amount of shear force being induced in the link element, and a

small amount of area to resist the forces, local buckling needed to be investigated.
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The seismic provisions printed by AISC require the link element to have web stiffeners. For the
design in Baltimore, it was found that full depth double sided stiffeners 3/8” x 3.75” are required
at the ends of the link element. Within the link element, the same size stiffeners are required on
one side of the web spaced at 12”. A detail of this information can be found in figure 21.
Several additional requirements were checked such as, rotation angle, shear strength,
slenderness, and second order effects. Detailed calculations can be found in appendix D.

Figure 21 - Web Stiffener Detail

04/04/11 Page 32



Final Report

Brad Oliver - Structural John Hopkins Grad Student Housing
Advisor: Prof. Memari Baltimore, Maryland

Structural Depth, San Francisco Location -

Upon completing the depth analysis and comparison at the original Baltimore location, it was
time to hypothetically move the building to San Francisco. To keep most of the site factors
similar to the original ones, a site was chosen in San Francisco University to mimic the one at
Johns Hopkins, down to the college environment. Figure 22 displays this site. Several buildings
around campus have similar architectural features such as glass and brick facade, and the site

picked would be classified in
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Figure 22 - Proposed location for new site
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Load Combinations:

Moving the site to San Francisco will obviously increase the earthquake loads significantly, but

it also decreased the wind velocity causing a decrease in base shear.

Criteria E-W Direction
Tall Tower Floor Height (ft) | Kz |0z p (windward) (psf) |p(leeward) (psf)
Gf 0.87] Penthouse 208.42| 1.21] 19.023 16.66 -11.70
Cp (Windward) 0.8 Roof 194.25| 1.19| 18.709 16.39 -11.70
Cp (Leeward) -0.5 20 183.9| 1.17| 18.394 16.11 -11.70
Gepi 0.18 19 174.6| 1.15| 18.080 15.84 -11.70
Velocity (MPH 85 18 165.3| 1.13| 17.765 15.56 -11.70
Lower Tower 17 155.9| 1.12| 17.608 15.42 -11.70
Gt 0.85 16 146.6| 1.1} 17.294 15.15 -11.70
Cp (Windward) 0.8 15 137.2| 1.09| 17.137 15.01 -11.70
Cp (Leeward) -0.5 14 127.9| 1.07| 16.822 14.74 -11.70
Gepi 0.18 13 118.6| 1.04| 16.350 14.32 -11.70
Velocity (MPH 85 12 109.3 1} 15.722 13.77 -11.70
11 99.9| 0.99| 15.564 13.63 -11.70
10 90.6| 0.96| 15.093 13.22 -11.70
9 81.3| 0.93| 14.621 12.57 -8.85
8 71| 0.89 13.992 12.03 -8.85
7 61.7| 0.85| 13.363 11.49 -8.85
6 52.3| 0.81| 12.734 10.95 -8.85
5 43| 0.76] 11.948 10.28 -8.85
4 33.7| 0.7|11.005 9.46 -8.85
3 24.3| 0.7|11.005 9.46 -8.85
2 15/ 0.7/ 11.005 9.46 -8.85
1 1] 0.7 11.005 9.46 -8.85

Table 7 - Wind Load Calculations at San Francisco
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E-W Direction Tall Tower

Floor Height (ft) |Height Below (ft) |Heigh Above (ft) | Trib Area (ft2) |Story Force (K)
Penthouse 208.42 15.2 0 1236.52 20.61
Roof 194.25 10.33 15.2 2076.87 34.04
20 183.9 9.33 10.33 1599.34 25.77
19 174.6 9.33 9.33 1517.99 24.04
18 165.3 9.33 9.33 1517.99 23.62
17 155.9 9.33 9.33 1517.99 23.41
16 146.6 9.33 9.33 1517.99 23.00
15 137.2 9.33 9.33 1517.99 22.79
14 127.9 9.33 9.33 1517.99 22.37
13 118.6 9.33 9.33 1517.99 21.74
12 109.3 9.33 9.33 1517.99 20.91
11 99.9 9.33 9.33 1517.99 20.70
10 90.6 9.33 9.33 1517.99 20.07

9 81.3 10.25 9.33 1592.83 20.03

8 71 9.33 10.25 1592.83 19.17

7 61.7 9.33 9.33 1517.99 17.45

6 52.3 9.33 9.33 1517.99 16.62

5 43 9.33 9.33 1517.99 15.60

4 33.7 9.33 9.33 1517.99 14.37

3 24.3 9.33 9.33 1517.99 14.37

2 15 14 9.33 1897.90 17.96

1 1 1 14 1220.25 11.55
Base Shear (K) 450

Overturning moment (k ft) 52227

Table 8 - Wind Force Distribution at San Francisco

Tables 7 and 8 show a decrease in base shear from 505 Kips to 450 kips due to wind in the

critical direction. Seismic loads also needed to be recalculated using higher acceleration values

obtained from ASCE7-05. Detailed calculation of the criteria can be found in appendix E, but

table 9 summarizes the results. The base shear increased 120% from 165 Kkips to 362 Kips.
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Table 9 - Seismic Force Distribution in Tall Tower

Results:

Seismic Force Distribution (Tall Tower) N-S

Floor |Height (f) \Weight (k) | (wxhx)“ Cwx Fx(K) |Overturning Moment (k ft)
Penthouse 208.42 205 628517219 0.031 11.08 2308.94
Roof 194.25 458.8 2540799702 0.124 44.78 8699.35
20 183.9 467.1 2369103495 0.115 41.76 7679.29
19 174.6 466.5 2141421635 0.104 37.74 6590.25
18 165.3 466.5 1929907763 0.094 34.02 5622.96
17 155.9 466.8 1728845679 0.084 30.47 4750.70
16 146.6 467.1 1540044576 0.075 27.14 3979.45
15 137.2 467.8 1361718146 0.066 24.00 3293.04;
14 127.9 468.5 1195094549 0.058 21.06 2694.19
13 118.6 469.5 1039605438 0.051 18.32 2173.25
12 109.3 470.5 893802573 0.043 15.75 1721.94
11 99.9 471.7 757076198 0.037 13.34 1333.09
10 90.6 472.8 631583484 0.031 11.13 1008.59
9 81.3 476.2 521160965 0.025 9.19 746.82
8 71 477.5 404986249 0.020 7.14 506.82
7 61.7 476.2 308561441 0.015 5.44 335.57
6 52.3 477.1 226209636 0.011 3.99 208.53
5 43 478.7 156931663 0.008 2.77 118.94
4 33.7 480.3 99396416 0.005 1.75 59.04
3 24.3 483 53969882 0.003 0.95 23.12
2 15 492 22351521 0.001 0.39 5.91
Sum 9659.6| 20551088230 Base Shear (K) 362
Base Overturning moment (k ft) 53860

The idea behind moving the structure to California was to investigate how many more additional

members would be required or upsized. Upon running the analysis as designed for the Baltimore

area, several members needed 10-20 Ibs/ft of additional weight, but nothing too drastic. It was

confirmed that earthquake loads controlled in the North-South direction for strength and

deflections. Unfortunately the structure was also found to still have a torsional irregularity.

Upon performing the calculations found in figure23 the structure was found to have the

horizontal irregularity 1a, but not extreme 1b as defined in figure 24.
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Figure 23 - Torsion Irregularity Check
TABLE 12.3-1 HORIZONTAL STRUCTURAL IRREGULARITIES
Irregularity Type and Description Reference Seismic Design
Section Category
Application
la. | Torsional Irregularity is defined to exist where the maximum story drift, computed including accidental 12334 D, E and F
torsion, at one end of the structure transverse to an axis 1s more than 1.2 times the average of the story drifts at 12.84.3 C.D.E, andF
the two ends of the structure. Torsional irregularity requirements in the reference sections apply only to 12.7.3 B.C.D.E and F
structures in which the diaphragms are rigid or semirigid. 12.12.1 C.D.E and F
Table 12.6-1 D, E and F

Section 16.2.2

B.C.D.E.and F

Figure 24 - ASCE Irregularity's

lb. | Extreme Torsional Irregularity i= defined to exist where the maximum story drift, computed including
accidental torsion, at one end of the structure transverse to an axis is more than 1.4 times the average of the story
drifts at the two ends of the structure. Extreme torsional irregularity requirements in the reference sections apply
only to structures in which the diaphragms are rigid or semirigid.

12.12.1
Table 12.6-1
Section 16.2.2

E and F
D

B.C.and D
Cand D
Cand D

D

B.C,and D

Due to the torsional irregularity, the story drifts were no longer permitted to be calculated at the

center of mass, but at the point of largest displacement. The point “B” in figure 23 represents the

point used for calculating story drifts and comparing them to the acceptable limits. The story

drift ratio was within the acceptable limits as prescribed by ASCE 7-05, figure 25, and can be

seen below in table 10.
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Drift Ratios at Point B Including Accidental Torsion - Earthquake
N-S Loading
Story |Height (in) [Allowable story Drift (inches) |Story Drift (inches)|Story Drift (inches) with Amplification |Compliant?

Roof 2484 2.64 0.6454 2.5816|ok
20 2352 2.4 0.5982 2.3928|ok
19 232 2.4 0.5979 2.3916|0k
18 2112 2.4 0.5976 2.3904|ok
17 1992 2.4 0.5976 2.3904|ok
16 1872 2.4 0.5845 2.338|ok
15 1752 2.4 0.567 2.268|ok
14 1632 2.4 0.5422 2.1688|ok
13 1512 2.4 0.517 2.068|0k
12 1392 2.4 0.4848 1.9392|ok
11 1272 2.4 0.4538 1.8152|ok
10 1152 2.4 0.4172 1.6688|ok
9 1032 2.88 0.4532 1.8128|ok
8 888 2.4 0.33 1.32|ok
7 768 2.4 0.291 1.164|ok
6 648 2.4 0.2478 0.9912|ok
5 528 2.4 0.2067 0.8268| ok
4 408 2.4 0.1624 0.6496|0k
3 288 2.4 0.0191 0.0764|0k
2 168 3.36 0.0158 0.0632|ok

1 0 0 0 0

Table 10 - Story Drift Ratio Check

TABLE 12.12-1 ALLOWABLE STORY DRIFT, A P

Structure Occupancy Category
TLorll I 1V
Structures, other than masonry shear wall structures, 4 stories or less with 0.025h5,¢ | 0.020hsy | 0.015hgy

interior walls, partitions, ceilings and exterior wall systems that have been
designed to accommodate the story drifts.

Masonry cantilever shear wall structures a 0.010h;y 0.010hgy | 0.010hy
Other masonry shear wall structures 0.007h 0.007hsx | 0.007hgy
All other structures 0.020h, N 0.015hg | 0.010h,

%hgx 1s the story height below Level x.

For seismic force—resisting systems comprised solely of moment frames in Seismic Design Categories D, E, and F, the
allowable story drift shall comply with the requirements of Section 12.12.1.1.

“There shall be no drift limit for single-story structures with interior walls, partitions, ceilings, and exterior wall systems
that have been designed to accommodate the story drifts. The structure separation requirement of Section 12.12.3 is
not waived.

“Structures in which the basic structural system consists of masonry shear walls designed as vertical elements cantilevered
from their base or foundation support which are so constructed that moment transfer between shear walls (coupling) is

negligible.

Figure 25- ASCE Allowable Story Drift Ratio
Torsion was a very difficult issue to remove from this building due the height and geometry of
the building. The center-of-mass and center-of-rigidity were within two feet of one another on

every floor, but added up over so many floors caused significant torsion. With the building
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being advertised as a graduate level student housing, putting frames on the exterior of the
building seemed detrimental to the views of tenants. Every apartment has large windows
overlooking the city, but with frames on the exterior, that view would be ruined and a potential
eye sore. With those limitations, the bracing in the North-South direction was close to the center
of the building, which decreases the buildings ability to resist torsional shears. With fewer
frames in the North-South direction, the most critical frame due to earthquake loads was found.

It is denoted in figure 26 with a star and was checked to make sure it complied with the seismic

provisions.

Figure 26 - Critical Frame
The details of these calculations can be viewed in appendix F. The rest of the frames were
designed using Ram to expedite the design process. This design did need larger and more

closely spaced web stiffeners and is summarized below visually in figure 27.
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Figure 27 - Web Stiffeners at San Francisco
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Construction Management Breadth —

It was predicted that a steel system would lead to a quicker schedule given the height and

repetition of every floor. By performing a schedule and cost analysis, it was proved that not only

was the schedule expedited, but it was also significantly cheaper to build. The original concrete

structure including foundations began on July 15, 2010 and ended June 23, 2011. A copy of this

existing schedule can be found in figure 28.

Foundations bt
A1000  Notice to Proceed o
A1020  Clark Mobilization 10
A1030  Site Fencing s
A1035  Erosion Cantol 10
A1040  Bullding Survey 10
A1050  Caisson Mobikzation 10
A1060  Caisson installation 0
A1085  Prepare Buiding Pad 20
A1070  Caisson Demobilization 5

Structure 19
B1000  Tower Crane Pad 5
B1010  Tower Crane Erecion 3
B1020  Grade Beams / Wall Footings >
B1030  Elevator Pit Slab / Wals 5
B1040 W P Elevator Pit Walls / Backfil 5
B1050  Foundation Walls 20
81060 Shearwalls / Columns to Level 2 3
B1070 _ Inteior Backiil 2
B1080  Balow Grade MEP Rough In 15
B1090  Slab on Grade 15
B1100  Waterproof Buikding Perimetar 20
B1110 Backil Buikding Perimeter )

B1120  Level2 Slab 12
B1130  Level3 Slab 7
B1140  Lovol4 Slab 7
B1150  Loval § Slab 7
BI160  Leval 6 Slab 7
BI170  Level 7 Siab 7
B1180  Level B Sieb 7
B1190  Level o Siab 7
B1200  Level 10 Sisb [
B1210  Level 11 Slab 8
B1220  Leval 12 Slab 8
B1230  Leval 13 Slab 5
B1240  Level 14 Siab 8
B1250  Level 15 Siab 8
B1280  Level 16 Siab [
B1270  Level 17 Slab 8
B1280  Level 18 Slab 8
B1200  Lovel 10 Sisb 6
B1300  Leval 20 Siab 5
B1310  Roof Leval Siab. 8
B1313  Shearwalls Above Rool 5
B1316  Reof Curbs 5

B1320  Low Roof Sted Framing 10
B1326  Low Roof Trellis Steel 5
81330 High Rool Steel Framing 10

B1340  Lovel 1 Reshare Removal 7
B1350  Leval 2 Reshara Ramoval 7
B1360  Level 3 Reshore Removal 7
B1370  Level 4 Reshore Removal 7
B1380  Level 5 Reshore Removal 8
B1300  Level 6 Reshore Removal 8
B1400  Lovol 7 Reshoro Removal 8
B1410  Loval 8 Reshora Ramoval s
B1420  Level 0 Reshare Removal 5
B1430  Laval 10 Rashors Ramoval 6
B1440  Level 11 Reshare Removal 5
B1450  Level 12 Reshore Removal 8
B1450  Level 13 Reshore Removal [
B1470  Lavel 14 Rashoro Removal [
B1480  Loval 15 Reshora Removal 3
B1430  Level 16 Reshore Removal 8
B1500  Levol 17 Reshora Removal 0
B1510  Leval 18 Reshora Ramoval 5
B1520  Level 10 Reshora Removal s
B1530  Level 20 Reshore Removal 6

500000000000 00000000000000000000000000000000000000000000000 60660000006 &

15Juk10A

15-Juk-10 A
15-Juk-10 A
26ul10 A
20Jul10 A
2Juk10 A
26Juk10 A
04-A0g-10 A
09-Sep-10A
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26:Sp-10A
01-0ct-10A
11-0ct10A
28-52-10A
13-0ct10A
20ct10A

19-0ct-10A
07-0ct10A

20.0ct-10A
27-0ct10A
12-Nov-10 A
250ct-10A
08-Now10 A
10-Nov-10 A
01-Dec-10 A
20-000-10 A
2.00c-10A
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10Jan-11A
17114
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10-Feb11A
17-Fab11A
24F11A
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08-Mar-11 A
15-Mar-11 A
21-Mar-11A
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27011 A
02-May-11A
02-May-11A
A1 A
10Jun-11A
23May11A
03Jan11A
06-Jan-11A
13Jan11A
20Jan11 A
07Fab11A
14Fe11A
21F11A
28Fb11A
O7-Mar-11A
14-Mar-11 A
21-Mar-11 A
26:Mar-11A
O4-Apr11 A
HoApr11A
18-Apr-11A
25Ax-11A
02May-11A
00-May11A
00-May-11A
09-May-11A
02-May-11 A
20Jun-11 A

205p-10A

28Ju-10A
28Ju-10A
26Ju-10A
04-Aug-10A
03-Aug-10 A
254104
20-Sep10A
24810 A
290114
07-0ct-10 A
14-0c1-10 A
09-Now-10 A
18:0ct10A
26:0ct-10 A
10Now-10 A

-Nov-10 A

19-Now10 A
30-Now-10 A
01-Dac-10A
22:Now10A
23Nov10 A
10Dec-10 A
21-D8c-10 A
30-Dac-10 A
07an11A
14Jan11A
2Jan11A
02Fer11A
1Fe-11A
17-Fe11A
24Fe11A
03Mar-11 A
09-Mar-11 A
16:Mar-11 A
22Mar-11A
29Mar-11 A
05-Apr-11A
12Ap-11 A
10-Ap11A
25-Apr11 A
04-May-11A
08-May-11A
12May-11 A
208011 A
711 A
09Jun11A
07Jan11A
11Jan11A
18Jan-11A
27Jan11A
18Feb11A
25Fa11A
25Fe11A
07-Mar-11 A
14Mar-11 A
21-Mar-11 A
28Mar-11 A
04-Ape-11 A
1AE-11A
18-Apr-11A
2580011 A
20-Apr11A
05-May-11A
13May-11 A
13:May-11 A
13:May-11 A
21-May-11A
2411 A

159uk10
153010
15:0uk-10
26010
204uk10
22u-10
260010
04-Aug-10
09-5ep-10
20-8ep-10
28-50p-10
01:0¢t-10
1-0ct10
28-59p-10
13.0¢t10
220010

19-0ct-10
07.0c4.10

20.0ct-10
27.0a10
12-Nov-10
25-0ct-10
08-Now-10.
10-Now-10
01-Doc-10
20.Doc-10
22.D0c-10
03Jan-11
10an-11
1711
26Jan11
10-Fer11
17-Fe>11
24Fa11
01-Mar-11
08-Mar-11
15-Mar-11
21-Mar-11
28-Mar-11
O4-Apr-11
A1t
18-Ape-11
2-Apr-11
02-May-11
02-May-11
1-Ape11
10dun-11
2May-11
03Jan-11
08-Jan-11
13Jan11
20Jan11
o07-Feb-11
14-Fer11
21Fab11
28Fa11
07-Mar-11
14-Mar-11
21-Mar-11
28-Mar-11
04-Ape-11
H-Ape11
18-Ape-11
26 Ape-11
02-May-11
00-May-11
09-May-11
09-May-11
02-May-11
20dun-11

20-8ep-10

28Juk10
28ul-10

26Juk-10

04-Aug-10
03-A03-10
25910
20-5ep-10
24-56p-10
28Jun-11
07-0ct10
14.0ct.10
00-Nov-10
18-0et-10
260at10

10-Nov-10
08-Now-10

19-Nov-10
30-Nov-10
01-D9c-10
22-Now-10
23-Nov-10
10-Dec-10
21-Doc-10
30-Doc-10
07an-11
14dan-11
25Jan-11
02Fabr11
1-Feb11
17-Feb11
24Fe11
03Mar-11
08-Mar-11
16-Mar-11
22-Mar-11
20-Mar-11
05-Ape-11
12-Ape-11
10-Ape-11
25-Ape-11
04-May-11
06-May-11
12-May-11
20-Ape-11
17dun-11
09-Jun-11
07dan-11
11dan11
18Jan-11
27311
18-Feb-11
25Fab11
25Fe11
07-Mar-11
14-Mar-11
21-Mar-11
26-Mar-11
O4-Apr-11
11-Agr-11
18-Apr-11
25-Ape-11
20-Ape-11
06-May-11
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P—— 29-Sep-10 A, Foundatios.

@ Notice to Procesd
W Clark Mebilzation
1 Sito Fancing
8 Erosin Canrol
W8 Buiding Survey
W Caidson Mobilization
W Caissn Instalasort
W Prepare Bukdng Ped
8 Caisson Demobilizaton

W Tower Grane Pad
1 Tower Grane Erecion
W Grade Beams / Wall Footings
W Elevatcr Pit Siab/ Walls
B W P Elovator Pit Walls { Backfil
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W oterior Backfll
m— Esiow Grade MEP Reush In
. Slab on Grade
- W aterproof Bukding Perimeter
W Backfil Buildng Perimeter

Jun-11 A} Stuchre

W Lovel 15 Siab
W Love| 16 Sis>
W Lovol 17Slab

Lavel 18/Slab
{ovel 10 Siaby

W Level 20 Sisb
W Roof Lavel Slab

B Sheerwalls Above Rool
™ Roof Curbs
Low Réol Stael Fraing
W Low Rool Trells Stewt
W Figh ol Sted Framing

8 Lol 1 Bashors Remdval

B Level 2 Reshors Removal
B Level 3 Reshore Refmoval
W Level 4 Reshore Removdl

W Lovel § Reshpre Removal

W Lowi & Rosiare Ramoval
1, Lovel 7 Rashora Ramovd
W Levsl 8 Rgshora Removal
W Livel 9 Rashoca Removal
W Level 10 Reshors Removal
W Level 11 Reshors Remoial
W Level 12 Reshore Removal
W Lavel 13 Reshare Removal

Laval 11t Reshore Removal

[ Level 15 Rashare Bamovil

B Lovo) 16 Reshora Remoyal
B Leval 17 flashors Removal
§ Level 18 Reshore Removal
B Livel 18 Reshire Reove
B Level 20 Reshire Removal
R Concrete Clean Down
1 Towe! Crand Reméval

B1540  Concrate Clean Down 15

B1550  Tower Crane Removal 5
A ctual Work * & Misstone
) Remaing Work W— Summary

W Crical Remaining Work

Graduate Student Housing
Docembor 2011 Update

[TASK fitar: Al Acivtos

(c) Primavera Systems, Inc.

Figure 28 - Existing Schedule
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A new schedule was made using Microsoft Project starting also starting on July 15, 2010. Using
durations obtained from RS means and takeoffs from Ram, the new schedule lasted until April
12, 2011, causing a time savings of over two months. The original schedule was drawn up to
have an entire level poured in seven days, but would often take over two weeks in the middle of
winter. Pouring concrete during cold days is often difficult and sometimes impossible to work
through, which seemed to be the case on this project. A copy of the new schedule can be found

in figure 29.

04/04/11 Page 42



Brad Oliver - Structural
Advisor: Prof. Memari

Final Report

John Hopkins Grad Student Housing

Baltimore, Maryland

g Tiva oo e Tourton  Jar = [
LT 1 L L Laa i
o J ations and 195 duys Tha7/15/10 Tun 4/12/11
structure
1 - Notice 1o Procesd Ddws. Thy 2/18/10 Thy 7/15/10
i Il Cluk Mobilzston — 10dms  Thu 2/15/10 Man 7/26/10
im % Site Fanong Jdws  Mon J/24/10 Wee 2/28/10
Tm N Froshn Corarol Sws Wed 2/21/10 Mon 2230
Tm o Buiding survey 100w ThuI2230 Mo 82010
cm o ComsonMobliation  Bdus  Mon 2/2610 Tus 4/3/10
Tm Cuwoninwalbion  43dws Wed A1 Wao 82210
Tm o Prepare BuldingPad  15dms  Mon §/33/10 Wea §729/20
vm o Canson Demabiliation &dws  Thu§/23/10 Nen 42710
i - stwicture Mgy TueS//10 Tued/1/n
wm " Towsr CanePat  Sdws  TUeO2WI0 SK 107210
um . Tower Crane frection 3dws Mon 10/11/10Wea 10/13/10)
Tm o Grade Baame/Wak 260wy Tue 82810 Tue 1072620
Fosmas
wmo. Bovator Sdms Wed 10/13/10Mon 10/18/30)
S Wls
W o Wb Elekor Bt Sdws FAA0/ZA0 Wes 10/27/10)
Vallyadkdit
Wm . Founduion Walls 204w Tue 101910 Wee 1140130
7 - etColimasta  Sdws  ThiLI/A1A0 S 11A3/10
vl 3
W WierorBecil 200ms  Fri102910 S 11/20/10
v m Balow Grade MIEP 16 Mon 11/10 Wed 11/24/20)
ghin
W " sabon Grate 1500 Mon 11/22/10Wed 1210
am " Waterprool BubIng 20ds  Mon 11/1/10 Tue 11/23/10
meter
am . Bkt boling  10dws  Mon 9/33/10 Tha9/23/10
Parmetar
B - Brectbuamsfloor 23 40wy Mon 11/15/10Th 11/18/10
] Tectbrmesupto  Sdws  FLANA0 Mon 11/220
loor 3
» b Plce Deckfloor 23 3wy Tue 112310 Tha 13/25/30
w - e Swisfioor 23 Jaws  FriIIWID Mo 112910
@ . Plice Conuretefloor 4dms  Tue 1LA0/10 Fri 12/3/10
2
B - BetColumt  Jdms  FIL2WI0 Mon 11/2910)
evel
® frectBeamsfloor 46 4dws  Tue 11/30/10 F 1230
o - Do bes ioto 30wy K120 Tue 1270
foor s
W - Plco Deckfloor 45 3dws  Wed 12/8/10 FA 12/40/10
u - St Suudsfloor 65 Jaws S 12/43/10 Tue 3216/30
u - Mo Concratefloor Adws  Wed 12/16/105 12/10/10
o
wm Sorm Freproofieg.  20ws Mon 12/13/10Tue 12/14/10
floor 23
» - frectColumen o 3 dwy $aL12/13/30 Tue 12/14/30
evel 7
* b GrectBeams floor 67 &dws  Wed 12/15/1058 12/18/10 | m
5 e Fectbraesupto  Jdws  Mon 12/20/10Wea 12/22110
floor 7
= ! Pce Deckfloor 67 3dws Th 12/23/10 5 12725/10
w - S Sy loor 7 Sams Mon 12/27/A0Wes 12/29/10)
© Ploce Concretefloor 4dws  Thu12/30/10 Mon 1/3/11
1
am = Sorw Frogroofing.  2dws P20 S 12/25/10
oor 45
a - ErecColimesto  3dws  Mon 12/27/10Wes 1272910
evel §
o Erectbeams floor $4 4dwa  Thu 12/30/10 Mon /311
“ - ectbraesupto  Jdws T /411 Thay/ean
floor s
- 3 Mo Dukioor s Jamn  BUIML  Mon 1o
“ - e Swdsfoor 89 Yaws  Tue L1111 Tha
i - Paco Contratefloor 4dws  F1/I4A1 Tue3/w/3
»
L Sorm Froproofeg 20wy Wed USAL Tha Vit
floer 6.7
L " BactColimosto 20wy TueL/AL/1L Wes 11251
vl 11
w - brectBuamifioor  Sdws  Thal/A3A1 Sk /1811
1041
W - Bectbraasupto  20ws  Mon 117711 Tue /W11
loor 11
] - Mo Deckfiooe  2dws  Wed L39/10 Tho 1/20/11
1041
El S Swsfoor  20ms UM SK122/1
1031
" - Placo Concrvtafloor 3dws  Mon 1/24/11 Woe 1/26/31
1031
O I Sorm Fregroot 10w Mon /17711 Men 14741
floor 89
% peaCouvsto  20ws UL SR
et 13
) - Erectbeamsfioor  Ydws  Mon /2411 Weo126/11
1233
= - bectbrcesupto 20wy T 1271 P LM
floor 13
® e Plice Deckfloe 24wy SCLASAL Mon 1L
1243
w b Sew Swdsfoo  2dws Tue2/11 Wes 22
1213
W Mo Concratefloor 3dws  ThZ/AAL S /5L
1213
am 9 Sorwy Preprooting 10w Mon 1/24/11 Mon 1724/11
oor 10-1
“ - freaColumesto  28ws  Tue 2/ Wed 22011
et 16
" Fectbuamifioor  dws TR Sk S1
1818

04/04/11

Drmprbe 1L Feona
[ wa L uny 1w Vi um

Wb |

- Septemte 1 Tt 1 Tl
ya_ 1 s 1 wis 1A 10 vy

i

Cane bt
Tower G rection

L 1 aie b/ Wil boolings

- evator P Sty walls
[er—r—
Poundation Wals
lu-« Columastoleve 3
—, oo Backhl|
by Below Grace MEP Rough 1

SavonGrae
— Wt 0100 B g Permeter

— (ot g Por et

et homces un o foor 3

i

Mace Concret floor 29

et Coemn 0 level 3

it e flor 4.5

s e g ol s

Shear Studh floor 4

e G ot floor &

fi sor v remsoobng oo 23

o rect columnstotewe 7

(et feams floor

thec e st for

o Dot oo 67

B shea St hoor 67
Pace Concroe e 7

o Sormy Piowarootiog Foor 43

B et Conmento ewel
|

ect Baams floor 89

s v o oo
r——
Shea sty floor 9
Wacn oo oo 40

@ S v Hremookng foor 6

o Cotums o el 11
et e fleor 101
et aces o oo 11
e D for 1011
Shea St fsr 1011
Fiace oot o 10.41
§ Sprav ol hoor 89
trec Colmns 0 lowed 13
e B foor 1213
e s oo 1
e Deck oot 1213
Fsrew st toor 1243

l-mw-m 24

011

¥

fr¥eerooting floor

o Columan o 15

troct B oo 1445

Tianva ey
[ v s s wn 707

Page 43



Final Report
Brad Oliver - Structural John Hopkins Grad Student Housing
Advisor: Prof. Memari Baltimore, Maryland

Figure 29 - New Schedule Using Steel
Using RS Means, a detailed cost estimate was also done to compare the two structures.
Information on the members, crews, decking, fireproofing, and concrete were put into an excel
sheet. For steel members, the default equipment was a 90 ton lattice boom crane which would be
insufficient for this project. Information for a tower crane was found and prices were adjusted to
reflect this change. Next, takeoffs were taken using Ram including length and weight. For sizes
that RS Means didn’t have, values were interpolated. The final steps were multiplying the prices
by the lengths for each element. RS Means said to estimate the price of connections, it is
permitted to take 10% of the weight of steel as a rule of thumb estimate, which was incorporated
in the calculations. Column splices were also taken into account by estimating 500 Ibs of steel
for each splice. A copy of the spreadsheet used to calculate these numbers can be found in

appendix G.
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The original concrete structure cost $5.75 million, and the new system cost approximately
$4.367 million. A savings of $1.38 million was achieved by switching to a composite steel
design. Since the final height of the new structure was within three feet of the original, the
additional cost of the facade was considered negligible. Moving the structure to San Francisco
resulted in some heavier members, particularly in the columns. The largest difference in cost of
the move would be seen in the connections. Due to the dual system and seismic design category
D, the moment connections would need to be capable of resisting 25% of the lateral loads. San
Francisco would also be more willing to weld the connections which would results in a slightly
longer schedule and higher costs. Another source of cost increase that wasn’t estimated in this
report is the connections between the diaphragm and lateral members. According to ASCE, a
torsionally irregular building in seismic design category D must have the forces on those
connections increased by 20%. A more detailed analysis of connections would need to be done

in order to truly say the steel system is cheaper.
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Architecture —

When designing the structure, the architecture was kept in mind throughout the process.
Columns were added along walls or moved to an area that could minimize the impact of the
functionality and aesthetics of the space. Due to the number of frames, not all areas could be
preserved perfectly and this study focused on two spaces, the lounge and fitness area. Located
on the 9™ floor near the edge of the building as indicated in figure 30, frames were being
designed to cut through the middle of open floor plans as indicated in blue. A Revit model was
made of the areas as they were currently designed, and then another model was made indicating

the changes so they could be compared.

Figure 30 - Floor Plan With Planned Frame Location

Starting with the fitness room, the original design calls for one large open room with cardio
equipment along the windows, and weight machines along the walls. The lounge was designed
to allow for plenty of seating space, access to the green roof, and a place to relax. Figures 31, 32,

and 33 show the models to gain a visual representation of the space.
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View of Lounge |-

View of fitness Room

Figure 31 - Plan View of Existing

Figure 32 - Rendering of Fitness Room
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Figure 33 - Rendering of Lounge

Placing the new frames as designed caused issues in both rooms. To address the issues at hand it
was decided to expand the size of the fitness room to reach column line 10. This would allow for
best flow of people in both spaces. A large opening was cut into the wall of the fitness room to
make it appear open, but two separate distinct spaces. These spaces could be better utilized by
converting one into a cardio room with the other being a weight room. This distinction of spaces
along with additional wall space ended creating room for more equipment. The lounge ended up
getting the short end of the stick however. One set of table and chairs were removed in order to
prevent the space from becoming cluttered. Once the table was removed, the space has a similar
feel as it did before, just with four less seats. This was deemed an acceptable tradeoff in order to
keep the frames as designed. Figures 34, 35, 36, and 37 show what these spaces look like after

the modifications.
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Figure 34 - Plan of New Layout

Figure 35 - View 1 Cardio Room from Weight Room
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Figure 36 - View of Weight Room from Cardio Room

Figure 37 - View of New Smaller Lounge
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Conclusion -

Eccentrically braced frames were successfully designed at the Baltimore and San Francisco
locations. Due to the high wind loads in the East-West direction, the design was primarily driven
by serviceability requirements. Using C-Braces in the design resulted in deflections of 27
inches. The design ended up utilizing W14X43 braces and W14X48 beams for the link
elements. The overall building height was kept within three feet of the original structure, which
was a design goal so that the wind loads and fagade cost would be comparable. Once the
structure was moved to San Francisco, the structure was found to be torsionally irregular. This
report didn’t involve the design of connections, but this means when they are designed, the

forces must be increased by 20%, resulting in a significant cost increase.

Without the detailed connection cost and using the 10% weight estimate, the building was
estimated to cost approximately $4.37 million. This results in a saving of $1.38 million. A
schedule was also created using RS Means as a guide as well as takeoffs. When the new
schedule was compared to the original schedule, there was a time savings of over two months.
When analyzed closely, most of the time was made up during winter when steel could be erected,

but concrete could not be casted.

Throughout the entire design process the architecture was kept in mind. Columns were placed
near walls or moved to locations where the impact would be negligible. The public lounge and
fitness rooms were chosen to be studied more closely because the re-design called for braced
frames running through the middle of both rooms. A Revit model was made of both rooms for
the existing rooms and rendered. Once the new frames were in place, the fitness room
dimensions were increased and separated into two rooms. The lounge was decreased in size, but

maintained its functionality. A model and renderings were also created of the new design.
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Appendix A — Existing Drawings
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Appendix C — Preliminary Column Design
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Appendix E — New Seismic Criteria
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Appendix G — Construction Management Calculations

05 12 23.17 Columns, Structural

7000 W10x45
7050 W10x68
7100 W10x112
7150 W12x50

W12X53

W12X58

W12X65

W12X72

W12X79
7200 W12X87

W12X96

W12X106
7250 W12X120

W12X136

W12X152
7300 W12x190
7350 W14x74

W14X82

W14X90

W14X99

W14X109
7400 W14x120

W14X132

W14X159
7450 W14x176
8090 For Projects 75-99 tons, add
8092 For Projects 50-74 tons, add
8094 For Projects 24-49 tons, add
8096 For Projects 10-24 tons, add
8098 For Projects 2-9 tons, add
8099 For Projects < 2 tons, add

0150 19.60 Monthly Tower Crane Crew

Static Tower Crane - 6200 Ib Capacity

05 12 23.75 Structural Steel Members

702 W10x22
W10X30
W10X33

902 W10X39

1102 W10x49
W12x16

1302 W12X19

1502 W12x22
W12x26
W12X30
W12X35

1702 W12X45

1902 W12x72

2102 W14x26

2302 W14x30
W14x34
W14Xx43
W14X48

2502 W14x120

8490 75-99 tons, add

8492 50-74 tons, add

8494 25-49 tons, add

8496 10-24 tons, add

3.50 Floor Decking
5200 2" Deep, 22 gauge, composite

Sprayed Fireproofing
400 Beams
800 Columns

ormal Weight Concrete
400 5000 psi

70 Placing Concrete

1400 Elevatd Slabs < 6" thick, pumped
3500 High Rise, more than 5 stories, add/floor

Crew

G-2
G-2

C-20
Cc-20

Daily Output

1032
984
960

1032

1028

1022

1013

1003
994
984
977
970
960

938
912
984
980
976
971
966
960
950
927
912

0.05

600
585
580
569
550
880
880
880
880
859
833
781
640
990
900
810
800
795
720

3860

1500
700

140
2100

04/04/11

Labor-Hours Unit

0.054 L.F.
0.057 L.F.
0.058 L.F.
0.054 L.F.
0.054 L.F.
0.055 L.F.
0.055 L.F.
0.056 L.F.
0.056 L.F.
0.057 L.F.
0.057 L.F.
0.058 L.F.
0.058 L.F.
0.059 L.F.

0.06 L.F.
0.061 L.F.
0.057 L.F.
0.057 L.F.
0.057 L.F.
0.058 L.F.
0.058 L.F.
0.058 L.F.
0.059 L.F.

0.06 L.F.
0.061 L.F.

176 Month

0.008 S.F.

0.016 S.F.
0.034 S.F.

c.y.

0.457 C.Y.
0.03 C.Y.

Material Labor Equipment Total

55.5 2.57 157  59.64
84 2.7 165 8835
139 2.76 1.69 143.45
62 2.57 157  66.14
66 2.58 158 70.16
72 2.6 159  76.19
81 2.62 16  85.22]
89 2.65 162 93.27
98 2.67 1.63  102.3
108 2.7 1.65 112.35
119 2.72 167 123.39
132 2.73 1.68 136.41
149 2.76 1.69 153.45
169 2.79 171 1735
188 2.83 1.73 192.56
235 291 1.78 239.69
91.5 2.7 1.65 95.85
101.5 2.71 1.66 105.87
1115 2.72 1.66 115.88
123 2.73 167 127.4
135 2.75 1.68 139.43
149 2.76 1.69 153.45
164 2.79 171 1685
197 2.86 175 201.61
218 291 1.78 222.69
10%
20%
30% 10%
50% 25%
75% 50%
100% 100%
8,175 21700 29875
27 4.42 27 3412
37 4.55 2.78 44.33
41 4.6 2.8 48.4]
48 4.7 2.86  55.56
60.5 4.82 295 6827
19.8 3.01 1.84  24.65
23.4 3.01 1.84 2825
27 3.01 184  31.85
32 3.01 1.84  36.85
37 3.11 19 42,01
43 3.23 198 4821
56 3.48 213 6161
89 4.14 253  95.67
32 2.68 164 36.32
37 2.95 1.8 4175
42 3.27 2 4727
53 3.32 2.02 5834
59 3.34 2.04 64.38
149 3.68 225 154.93
10%
20%
30% 10%
50% 25%
135 0.41 0.03 1.79]
0.53 0.58. 0.08 1.19]
113 1.24 0.18 2.55]
111 111
16.8 5.6 22.4
112 0.37 1.49]

Crew E2 Hr. Daily
1Struc Foreman 50.55 404.4
4 Steel workers 48.55  1533.6
1Equip Oper. (Crane) 46.5 372
1Equip Oper. Oiler 10.3 3224
1 Lattice Boom Crane, 90 Ton 1622
56 Labor Hour Daily Total 4254.4
Crew A-3N

1Equip Oper. (Crane) 46.5 372
1Tower Crane (monthly) 987.2
8 L.H. Daily Total 1359.2
Crew G-2

1Plasterer 39.4 315.2
1Plasterer Helper 35.05 280.4
1Building Laborer 34.35 274.8
1 Grout Pump, 50 C.F./hour 125.8
24 LH. Daily Total 996.2
Crew C-20

1Labor Foreman 36.35 290.8
S Laborers 34.35 1374
1Cement Finisher 40.85 326.8
1Equip. Oper. (med.) 45.35 362.8
2 Gas Engine Vibrators 46.4
1 Concrete Pump (small) 741
64 L.H. Daily totals 3141.8
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Takeoffs

Tall Tower Short Tower

Gravity Beams Quanity Length (ft)  Weight (lbs) Gravity Beams Quanity Length (ft Weight (lbs)

W8X10 161 2643 26621 W8X10 282  4336.67 43680

W10X12 122 2351.83 28330 W10X12 58 1000.67 12054

W12X14 360 8174.5 115715 W12X14 88 1849 26174

W12X16 370 525 136631 W12X16 30 745 11940

W12X19 312 7746.33 146820 W12X19 16 387.67 7348

W14X22 96 2379 52538 W12X26 56 1344 34986

W14X26 21 484 12665 W12X22 6 149 3285

W14X30 78 1853 55802 W12X30 8 192 5743

Studs 19949 W12X45 2 48 2140

Total 26156.66 575122 W12X35 14 336 11776
Studs 6111

Gravity Columns Quanity Length (ft)  Weight (lbs) Total 10388.01 159126

W12X40 73 1482 59002

W12X45 6 128 5706 Gravity Columns Quanity Length (ft Weight (lbs)

W12X50 120 5962 W12X40 71 1524 60674

W12X53 10 214 11360 W12X50 1 24 1192

W12X58 6 128 7404 Total 1548 61866

W12X65 6 124 8059

W12X72 7 152 10913 Lateral Beams Quanity Length (ft Weight (Ibs)

W12X79 2 40 3158 W8X10 7 109.7 1105

W12X87 2 48 4181 W10X12 1 15.7 189

W12X96 2 48 4606 W10X39 14 336 13148

Total 2484 120351 W10X22 7 173.8 3839
W12X14 7 168 2378

Lateral Beams Quanity Length (ft)  Weight (lbs) W12X19 1 24 455

W14X48 220 5093.3 244370 W14X22 1 24.8 548

Total 244370 W16X26 2 438 1254
Total 900 22916

Lateral Braces Quanity Length (ft)  Weight (lbs)

W14X43 440 6587.1 282638 Lateral Braces Quanity Length (ft Weight (lbs)

Total 282638 W10X33 4 71.6 2367
W10X30 76 1135.3 34150

Lateral Columns Quanity Length (ft)  Weight (lbs) Total 36517

W12X40 102 1037 41285

W12X45 8 80 3566 Lateral Columns Quanity Length (ft Weight (lbs)

W12X53 20 206 10935 W12X40 74 780 31053

W12X65 28 288 18718 W12X45 4 56 2496

W12X58 16 162 9371 W12X50 2 24 1192

W12X50 22 220 10930 Total 860 34741

W12X72 12 120 8616

W12X79 18 192 15157

W12X87 14 150 13066

W12X96 18 196 18808

W12X106 8 80 8493

W12X120 14 148 17777

W12X136 2 24 3258

W14X43 22 225 9647

W12X152 8 96 14602

W14X48 8 80 3838

W14X61 10 100 6091

W14X68 12 120 8167

W14X90 14 150 13526

W14X99 8 80 7922
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Beams Duration Cost $/Ib of steel Total Weight
W8X10 11.81561667 241889.3044 1.77072695 1824569
W10X12 5.613666667 114922.984
W10X22 0.289666667 5930.056
W10X39 0.590509666 18668.16
W12X14 11.58125 251220.475
W12X16 1.443181818 31305.5
W12X19 9.270454545 230463.5
W14X22 2.476565657 89049.376
W14X26 0.488888889 17578.88
W14X30 2.058888889 77362.75
W12X26 1.527272727 49526.4
W12X22 0.169318182 4745.65
W12X30 0.223515716 8065.92
W12X45 0.061459667 2957.28
W12X35 0.403361345 16198.56
W14X48 6.406666667 327906.654
Columns Duration Cost
W12X40 4.673449612 318993.22
W12X45 0.255813953 17460.96
W12X53 0.406976744 27778.8
W12X65 0.406712734 59796.3174
W12X58 0.283757339 22095.1
W12X50 "0.375968992" 25662.32
W12X72 0.271186441 25369.44
W12X79 0.233400402 23733.6
W12X87 0.201219512 22245.3
W12X96 0.249744115 30107.16
W12X106 0.082474227 10912.8
W12X120 0.154166667 22710.6
W12X136 0.025289779 4164
W12X152 0.102345416 18485.76
W14X43 0.228658537 21566.25
W14X48 0.081300813 7668
W14X61 0.101626016 9585
W14X68 0.12195122 11502
W14X74 0.020325203 1917
W14X90 0.153688525 17382
W14X99 0.081967213 10192
W14X109 0.041407867 5577.2
W14X82 0.104081633 10798.74
W14X120 0.108333333 15958.8
W14X132 0.101052632 16176
W14X159 0.025889968 4838.64
Braces Duration Cost
W10X30 1.940683761 50327.849
W10X33 0.123448276 3465.44
W14X43 8.233875 384291.414
Decking Duration Cost
2"vU 71.53608808 494271.447
Splices Duration Cost
329355.2124

Connections Duration Cost
323081.3498

Concrete Duration Cost
18.26251984 283799.5583

Fireproofing Duration Cost
Beams 159716.72
Columns 88287.8
$4,367,065
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Appendix H — References

http://communities.bentley.com/products/structural/structural analysis_ design/w/structural_analysis a
nd design wiki/ram-frame-steel-seismic-provisions-tutorial.aspx

http://www.iitk.ac.in/nicee/wcee/article/7 vol7 127.pdf

http://www.nibs.org/client/assets/files/bssc/Chapter05.pdf

http://www.aisc.org/WorkArea/showcontent.aspx?id=17638

http://www.ipcsit.com/vol15/14-ICAME2011-D009.pdf

http://faculty.delhi.edu/hultendc/ AECT250-Lecture%208.pdf

http://www.bing.com/maps/

Naeim, Farzad. The Seismic Design Handbook. New York: Van Nostrand Reinhold, 1989.
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