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Aquablue at the Golden Mlle
Lindsay Lynch
Structural Option
The Pennsylvania State
University
Architectural Engineering

Senior Thesis 2008 - 2009
Hato Rey,
Puerto Rico

General Building Information: : Architecture:

BuildingName ............. Agquablue at the Golden Mile The site is long and narrow, so
Location.................. Hato Rey, Puerto Rico the overall building dimensions
OccupantName ........... Managed by GB Realty are about 120" x 490'. The first
Occupancy Type ........... Luxury apartment buildings level will be used as a commercial
Size . . .........900,000square feet area, and levels 2-6 will primarily
Number of Stories . ... ... . . 31 stories above grade function as a parking garage for
Dates of Construction . . . . .. February 2007 - August 2009 the future residents. Level 7 is a
Estimated Cost ............ (notavailable) communal space with a fithess
Project Delivery Methed . . . . Design-Bid-Build center, meeting room, game room
and outdoor pool. Above level 7,
the building is separated into two
roughly rectangular towers (about 90' x 180’ each), and
they are composed of one- and two-bedroom luxury
apartments.

tructural Components:

Foundation. . . Drilled piles beneath a 10" reinforced concrete
slab-on-grade at the ground level

Primary Project Team: : Gravity

: : System...... Two-way, post-tensioned slabs at all levels

OWNBIS v e e s Guﬂerrez-Latllmer supported by columns spaced anywhere

__________________ QB Construction from 25'-0" to 34'-0"
General Contractor . . . . . ....QB Construction Lateral
Construction Manager . . . . . . Diaz & Associates P.S.C. System ... ... Two groups of concrete shear walls near the
Architect . cnaeeene ... Gutierrez-Latimer C.S.P. core of the building that extend up through the
Land scape Archllect ________ Raul Alvarez two residential towers
Structural Engineer . ...... UL G ENOLL TGN EEIEN  Roof . . . . . . . . 2-ply modified bitumen roofing system on top of
Plumbing Engineer . ........ Jorge Torres & Associates 2" rigid roof insulation, supported structurally by
Mechanical Engineer .. .. ... Jose Luis Garcia & Associates a sloped concrete slab

Electrical Engineer . . .......Eduardo Chardon Casals

CPEP Website:

www.engr.psu.edu/ae/thesis/
portfolios/2009/lel145/
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Executive Summary

The following report summarizes the two-semester thesis project for the 2008-2009 academic year, as required
by Penn State’s Architectural Engineering department. The subject of study was Aquablue at the Golden Mile,
which is an actual building that is currently under construction in Hato Rey, Puerto Rico. After an initial
investigation of the existing conditions, a more independent analysis was conducted for an extensive learning
exercise.

In general, the project included an in-depth analysis and re-design of the structural system, as well as two
smaller studies of other building related systems. After designing new shear walls for the lateral force resisting
system, the most relevant topics for breadth studies were architecture and construction. The shear walls were
initially proposed to be more efficient, but they had a few implications on the existing architectural design.
Therefore, those changes were included in this report. Also, in order to effectively compare the original and
new systems, a cost analysis was conducted to determine if any savings were to be realized.

The design process proved to be a very valuable exercise in practical engineering. In general, the project goals
were met, as the analysis of the lateral force resisting system was more thorough than any other previous
design experience. Also, the architectural breadth provided a better understanding of the potential difficulties
of project coordination. For example, if an architect designs his/her building with a certain feature that cannot
be altered, then the structural system has to work around that limitation, even if it is not the most efficient
design. Based on achieving the project objectives, this independent design task was an overall success.
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General Building Information

Aquablue at the Golden Mile is an approximately
280’ high-rise apartment building in Hato Rey,
Puerto Rico. Itis located in an urban area, about
two miles away from the San Juan Bay (fig. 1). The
building size is about 900,000 total square feet,
and there are 31 stories above grade. (Up to level
7, the typical floor area is about 51,900 ft*. For the
apartment towers, which are above level 7, the
typical floor areas are 11600 and 14500 ft>.) The
ground level will be developed as a commercial
area, and the rest of the floors up to level 7 will be
used for both parking and office space. Level 7 is
an indoor/outdoor public area for the apartment
residents, and the floors above are private
apartments. There is a sky lobby above the
penthouse apartments.

Figure 2 — Rendering of Aquablue
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Figure 1 — Building Site (maps.google.com — Hato Rey Central, PR)

The parking structure (levels 2-6) is open, with concrete parapets along
the exterior. As an architectural feature, there are two sections of an 8”
masonry wall that extend from the ground up to level 7. The office areas
of these floors are enclosed with a glass curtain wall system, as can be
seen toward the bottom of figure 2. Above level 7, the fagade materials
are glass and concrete precast panels.

The primary building material is reinforced concrete, and the structure
consists of a building frame system with shear walls. Each floor has a
post-tensioned slab supported by concrete columns.

Revised Final Report — 22 April 2009 |4



Lindsay Lynch Aquablue at the Golden Mile
Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico
- AE Senior Thesis 2008-2009 - - Structural Option -

Description of Existing Structure

The foundation consists of drilled piles that are aligned with the columns. They are the primary foundation
system, although there are some grade beams as well. (The grade beams are only used occasionally; they do
not span all of the piles.) At the foundation level, there is a 10” reinforced concrete slab.

Each floor consists of a two-way, post-tensioned structural slab supported by reinforced columns, which span
between 25’-0” and 34’-0”. ltis a flat plate system, so beams are not a part of the general floor framing. The
slabs are 9” thick for the first six stories. At level 7, parts of the slab are 12” thick because the loads are heavier
on this partially outdoor level (due to the pool and landscaping). For the apartment levels, the post-tensioned
slabs are 8” thick.

The lateral force resisting system is a series of shear walls near the core of the building. They are 18” thick, and
they require integrated boundary elements. The system of shear walls is grouped into two sections, and each

one extends into one of the apartment towers.

There is one expansion joint, which breaks the

building into two similar sections. Itis a 5” seismic Concrete Material Strengths
joint, and it runs parallel to the short dimension of SFrUCtU“"' Component Strength, f'c (ksi)
the building. It only extends from the ground to level pile 'ca.p 4
) retaining wall / basement wall 4
7, because the two towers are separated on either grade beam 2
side of the joint above that level. For the purpose of slab on grade g
the structural analysis, this allows for the separation foundation - level 12 6
formed slab
of Aquablue into two ‘buildings.’ above level 12 >
beams 5
h ial hs of th for th parapet / vehicle barrier wall 5
The material strengths of the concrete for the columns / foundation - level 13 3

various structural elements are listed in table 1. The shear walls | above level 13

concrete strength of the slabs and columns changes
at level 12. The highlighted material strengths are Table 1 — Concrete Strengths for Various Structural Elements
relevant to this structural analysis.
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Typical Floor Framing Plans of Original Design

There are two typical floor plans in this building: one for the parking garage levels and one for the apartment
levels. In figure 3 below, the gravity-based structural system for a typical parking level is highlighted in teal. The
columns are supporting a two-way, flat plate, post-tensioned slab. Also shown in the figure below is the original
lateral force resisting system of reinforced concrete shear walls concentrated toward the center of the floor

plan. The most extensive shear wall system is at the base of the building, and the number and length of the
walls decreases as the height above grade increases.

[ = R R G

= e e e P

Figure 3 — Column and Shear Wall Layout for Typical Parking Garage Level

The plan below (fig. 4) is a typical apartment level floor plan. Both the columns and shear walls are shown, and
the extension /simplification of the shear wall system can be seen by comparing this figure with the one above.

Figure 4 — Column and Shear Wall Layout for Typical Apartment Level
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Description of Existing Lateral System

The existing lateral system is composed of
reinforced concrete shear walls that are
concentrated toward the center of the
building. As can be seen in figure 5 to the
right, the walls in both the north-south and
east-west directions are integrated into one
multi-segment system. This detail is just
one example to show the general type of
shear wall design. In the case of figure 5,
the wall lengths and reinforcing layout
represent one shear wall system between
levels 7 and 9.

The concrete strength of the shear walls
changes over the height of the building.
Below level 13, f'. = 8 ksi, and above level
13, f'. = 6 ksi. Similarly, the reinforcement
becomes less dense over the height of the
building.

Also, the boundary elements of the shear
walls are relatively complex due to their
intersection at the wall joints. Therefore,
due to the multi-segment shear wall system
and the difficulties it presents, the use of
computer modeling is used to improve the
efficiency of the design.

Figure 5 — Example of Shear Wall System (Levels 7-9)
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Codes and References

=  General References:

0 ACI 318-08 (American Concrete Institute)
O ASCE 7-05 (American Society of Civil Engineering)

(0]

IBC 2006 (International Building Code)

=  Code used for wind and seismic analyses:

(0]

ASCE 7-05 (American Society of Civil Engineers, “Minimum Design Loads for Buildings and Other

Structures”)
=  Chapters 6 and C6 — Wind Loads (Method 2)
=  Chapters 11 and 12 — Seismic Loads (Equivalent Lateral Force Procedure)

=  Major national model codes used by De-Simone Consulting Engineers:

(0]

o
o
o
o

Puerto Rico Building Code 1999

UBC 1997 (Uniform Building Code)

ACI 318-99 (American Concrete Institute “Building Code Requirements for Structural Concrete”)
ACI 530-99 (American Concrete Institute “Building Code Requirements for Masonry Structures”)
SJ1 1994 (Steel Joist Institute “Standard Specifications, Load Tables and Weight Tables

for Steel Joists and Joist Girders”)

=  Utilized Computer Programs

(0]

ETABS Nonlinear v9.2.0, copyright 2008 (Computers and Structures, Inc.)

0 pcaColumn v3.64, copyright 2005 (Portland Cement Association)
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Background for Proposal and General Project Goals

The focus of this thesis project is on the lateral force resisting system of Aquablue at the Golden Mile. The
location of this building in Hato Rey, Puerto Rico puts it at risk for earthquake and tsunami damage due to
movement of the Puerto Rico Trench. Therefore, the seismic and wind loads are significant and provide a design
challenge.

In particular, one of the difficulties in designing the structure of Aquablue occurs in the layout of the shear walls.
First of all, the walls cannot be placed along the exterior of the building for architectural reasons. The tenants of
this luxury apartment building need to have great views of the outside, and the shear walls would limit the
amount of glass on the facade. Also, shear walls that are located at the exterior of the apartment buildings
would run right through the middle of the parking garage, which would complicate its design. Therefore, the
shear walls need to be located at the core of the building, specifically in two separate groups that can be
continuous through each of the two towers.

Because of the specific architectural layout of apartments in the two towers of Aquablue, there is an additional
challenge in the detailed layout of the shear walls. They cannot be placed just anywhere in the core of the
building, so this limitation on the wall placement can result in some odd and inefficient shapes. These shear wall
difficulties provide an opportunity for research and re-design.

The following is a list of general topics to be studied, and the goals for this project are to gain a more in-depth
understanding and better engineering judgment in these areas:

= Detailed analysis of lateral loads

= Concrete shear wall design and the ACI 318-08 building code
=  Computer modeling as a means of structural analysis

=  Economic impact of structural design

= Architectural impact of structural design
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Proposed Shear Wall Re-design

The shear walls will be completely re-designed to be more efficient and more cost effective. The location of the
walls will remain at the core of the building (one group in each of the two towers), but the layout will be
modified to be two I-shapes that are connected by coupling beams at the ‘flanges’. These symmetric shapes
would be much more efficient, and after a preliminary look at the existing layout, it seems like they could be
incorporated into the building without too much of an impact on the architecture. The figure below gives a
preliminary sketch of the potential solution for one of the towers. The dimensions are approximate in this initial
sketch.

I el 1
[ (
O Eeams '
i I
1 - 1
J +
'1 Sps

Figure 6 — Sketch of Proposed Shear Wall System

In order to achieve this goal, the use of both preliminary hand calculations as well as computer programs will be
used. Once the wall layout is determined, a simple analysis based on the factored shear forces and wall lengths
will give a likely solution to the required wall thicknesses. Further analysis will be done with the use of
computer programs.

The building will be modeled 3-dimensionally in ETABS, with the primary elements being the shear walls,
coupling beams, and floor diaphragms. The beams will have to be designed with minimal depth, because the
existing gravity system is a flat plate, post-tensioned slab that is only 8” deep in the residential towers. This
efficient floor system limits the floor-to-floor height of the building, so the coupling beams will have to be
designed (if possible) to fit within a limited depth of about 19.5”. If this design does not work, there might be
some implications for the floor height and overall height of the building.

The program input will include user-defined loads based on wind and seismic shear forces calculated by hand.
Inherent torsion will be included, as well as accidental torsion by applying 5% eccentricity of the loads to each
floor (with potential amplification). The relevant output will include the shear/axial forces and moments in each
particular wall and beam, as well as the floor displacements and story drifts.
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Although the structural engineers designed this building based primarily on the Puerto Rico Building Code 1999
and the UBC 1997, the following codes will be used for this design project:

= ACI 318-08 (American Concrete Institute)
= ASCE 7-05 (American Society of Civil Engineers)
= |BC 2006 (International Building Code)

Once the shear wall layout is determined, the wall and coupling beam reinforcement will be designed according
to ACI 318-08, in addition to the computer program pcaColumn. Based on the output from the model in ETABS,
the overturning moment at each level for a certain I-shaped section of shear walls could be determined by
assigning a pier label to that section. These moments, in addition to the axial forces in each wall based on
gravity loads, would provide enough information to check the layout of the reinforcement in pcaColumn. The
arrangement of the reinforcement for the boundary elements and for the wall in general will give the program
the information needed to create a force-moment interaction diagram. A comparison of the diagram with the
actual loads will determine if the reinforcement is adequate. It will also illustrate if the reinforcement is over-
designed by giving the location of the data point(s) relative to the edge of the diagram.
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Determination of Lateral Loads

For the purpose of this project, an analysis was done for about one-half of the building (which includes a
residential tower and the section of parking garage up to the expansion joint). Because of the seismic joint, each
tower could be treated structurally as an independent building. By narrowing the scope to just one building, a
more detailed analysis could be completed because the exercises did not have to be repeated for each tower.

The sketch below (fig. 7) shows the overall building dimensions as well as the directions of the applied lateral
loads. The colored rectangle (about 90’ x 160’) shows the approximate location of the tower above the parking

garage.
I, i
i P
I ()
1 I E Se—ir_\ N
15 ;
1Y 5 .
42+
Figure 7 — Plan Dimensions (N.T.S.) and Cardinal Directions
Basic Wind Speed V(mph) = 145
The wind loads were calculated using the analytical Wind Directionality Factor Ky = 0.85
procedure (method 2) in chapter 6 of ASCE 7-05. Importance Factor | = 1.0
A summary of the main design variables is shown to the | gxposure Category = B
right in table 2, and the wind pressures for each Topographic Factor Ky = 1.0
direction are shown on the following page in table 3. Velocity Pressure Exposure ¢ 13
For the purpose of design, the total wind pressures Coefficient hoTo
were used to calculate the story forces and story Velocity Pressure Exposure .
L K, = (varies)
shears. Coefficient
Velocity Pressures dz qn (psf) = (varies)

Table 2 — Wind Design Variables
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North-South Direction East-West Direction
Height above windward leeward total wind windward leeward total wind
ground level, z pressure suction pressure pressure suction pressure
or h (ft) (psf) (psf) (psf) (psf) (psf) (psf)
15 20.38 -11.71 32.10 18.01 -25.87 43.89
20 22.13 -11.71 33.84 19.56 -25.87 45.43
25 23.59 -11.71 35.30 20.84 -25.87 46.72
30 24.85 -11.71 36.56 21.96 -25.87 47.83
40 26.98 -11.71 38.69 23.84 -25.87 49.71
50 28.75 -11.71 40.47 25.41 -25.87 51.28
60 30.29 -11.71 42.00 26.77 -25.87 52.64
67 31.26 -11.71 42.97 27.63 -25.87 53.50
67 31.26 -11.71 42.97 27.63 -25.87 53.50
70 31.66 -11.71 43.37 27.97 -25.87 53.85
80 32.89 -11.71 44.60 29.06 -25.87 54.94
90 34.01 -11.71 45.72 30.06 -25.87 55.93
100 35.05 -11.71 46.76 30.97 -25.87 56.85
120 36.93 -11.71 48.64 32.63 -25.87 58.50
140 38.59 -11.71 50.30 34.10 -25.87 59.97
160 40.09 -11.71 51.80 35.43 -25.87 61.30
180 41.46 -11.71 53.17 36.64 -25.87 62.51
200 42.73 -11.71 54.44 37.76 -25.87 63.63
250 45.54 -11.71 57.25 40.24 -25.87 66.12
276 46.85 -11.71 58.56 41.40 -25.87 67.27
* up to level 7 (parking structure)
* above level 7 (residential towers)
Table 3 — Calculated Wind Pressures
Spectral Response Acceleration
A summary of the main variables used for the seismic | (Short Periods) > = 0882
lateral load analysis is shown to the right in table 4. A | Spectral Response Acceleration
- S; = 0.301
value of R=6 was used for a building frame system (1 second)
with special reinforced concrete shear walls (ASCE 7- Site Class = B
05, table 12.2-1). In this study, the analysis was Importance Factor I = 1.0
completed using the equivalent lateral force Short Period Site Coefficient F. = 1.0
procedure. According to table 12.6-1 in ASCE 7-05, Long Period Site Coefficient Fb, = 1.0
this type of analysis is not permitted for the building Seismic Design Category =D
because it is in a seismic design category D and there Response Modification Coefficient R =6
is extreme torsional irregularity (type 1b). However, Fundamental Period T(sec) = 2.031
the analysis was used as a feasibility study for the Seismic Response Coefficient C; = 0.0165
new shear wall layout.
Table 4 — Seismic Design Variables
Revised Final Report — 22 April 2009 |13
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In table 5 below, the base shear force was found from the total building weight and the seismic response
coefficient. The dead loads for each floor were calculated by doing take-offs from the original building.
Allowances were included for slabs, exterior walls, shear walls, columns, partitions, roofing, and superimposed
loads. The areas were found by making approximate calculations based on existing floor plan dimensions.

Total Dead Weight per
Level(s) Load (psf) Area (ft%) Floor (k)
2 153 23440 3586
3to6 150 23440 3516
7 170 23440 3985
8to 17 145 11060 1604
18 to 27 145 11060 1604
281029 145 13490 1956
Roof 117 13490 1578
Sky Lobby Roof 115 4740 545
Total Building Weight, W (k) = 59745
C= 0.0165
Base Shear, V (k) = 986

Table 5 — Calculation of Base Shear

The seismic story forces were calculated by distributing the base shear to each level according to chapter 12 of
ASCE 7-05. Both the seismic and wind loads for each orthogonal direction were then factored (1.6 for wind and
1.0 for earthquake), and the total story shears were calculated. The results are summarized on the next two
pages in tables 6 and 7. For both the north-south and east-west directions, the factored wind loads were the
controlling lateral load case in terms of story forces and base shears. However, both the wind and the seismic
loading conditions were used for the design checks throughout the report.
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NORTH-SOUTH DIRECTION
Factored Wind Load Factored Seismic Load
(1.6W) (1.0E)
Floor Tributary
Elevation | Width Story Total Story Story Total Story
Level (ft) (ft) Force (k) | Shear (k) Force (k) | Shear (k)
?';Z;T:\'Zl 275.0 60.0 37.5 37.5 23.8 23.8
roof level 263.7 89.0 84.3 121.8 64.1 87.9
29 254.8 89.0 74.7 196.5 74.7 162.6
28 245.8 89.0 73.1 269.6 70.1 232.7
27 236.8 83.5 68.5 338.1 53.8 286.5
26 227.9 83.5 68.5 406.6 50.3 336.8
25 218.9 83.5 68.5 475.1 46.8 383.6
24 210.0 83.5 68.5 543.6 43.5 427.1
23 201.0 83.5 67.2 610.8 40.3 467.4
22 192.0 83.5 65.2 676.0 37.1 504.5
21 183.1 83.5 64.9 740.9 34.1 538.6
20 174.1 83.5 63.6 804.5 31.2 569.8
19 165.2 83.5 63.6 868.1 28.4 598.2
18 156.2 83.5 62.1 930.2 25.8 624.0
17 147.3 83.5 62.0 992.2 23.2 647.2
16 138.3 83.5 60.8 1053.0 20.8 668.0
15 129.3 83.5 60.2 1113.2 18.5 686.5
14 120.4 83.5 59.3 1172.5 16.2 702.7
13 111.4 83.5 58.2 1230.7 14.2 716.9
12 102.5 83.5 57.7 1288.4 12.2 729.1
11 93.5 83.5 55.8 1344.2 10.4 739.5
10 84.5 83.5 54.7 1398.9 8.7 748.2
9 75.6 83.5 53.4 1452.3 7.1 755.3
8 66.6 119.3 78.6 1530.9 5.7 761.0
7 56.7 119.3 90.5 1621.4 10.6 771.6
6 44.2 119.3 80.6 1702.0 6.0 777.6
5 35.8 119.3 61.6 1763.6 4.2 781.8
4 27.5 119.3 58.4 1822.0 2.6 784.4
3 19.2 119.3 54.8 1876.8 1.4 785.8
2 10.8 119.3 91.9 1968.7 0.5 786.3

Table 6 — Factored Wind and Seismic Loads for the North-South Direction
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EAST-WEST DIRECTION
Factored Wind Load Factored Seismic Load
Floor Tributary (1.6W) (1.0F)
Elevation Width Story Total Story Story Total Story
Level (ft) (ft) Force (k) | Shear (k) | Force (k) | Shear (k)
:I;kal):vbgl 275.0 79.0 56.7 56.7 23.8 23.8
roof level 263.7 163.8 178.2 234.9 64.1 87.9
29 254.8 163.8 158.0 392.8 74.7 162.6
28 245.8 159.5 151.2 544.1 70.1 232.7
27 236.8 155.0 146.9 691.0 53.8 286.5
26 227.9 155.0 146.9 837.9 50.3 336.8
25 218.9 155.0 146.9 984.8 46.8 383.6
24 210.0 155.0 146.9 1131.7 43.5 427.1
23 201.0 155.0 144.8 1276.4 40.3 467.4
22 192.0 155.0 141.4 1417.8 37.1 504.5
21 183.1 155.0 141.0 1558.8 34.1 538.6
20 174.1 155.0 138.9 1697.7 31.2 569.8
19 165.2 155.0 138.9 1836.5 28.4 598.2
18 156.2 155.0 136.4 1972.9 25.8 624.0
17 147.3 155.0 136.2 2109.1 23.2 647.2
16 138.3 155.0 134.2 2243.3 20.8 668.0
15 129.3 155.0 133.2 2376.5 18.5 686.5
14 120.4 155.0 131.7 2508.2 16.2 702.7
13 111.4 155.0 130.0 2638.2 14.2 716.9
12 102.5 155.0 129.1 2767.3 12.2 729.1
11 93.5 155.0 126.1 2893.4 10.4 739.5
10 84.5 155.0 124.3 3017.7 8.7 748.2
9 75.6 155.0 122.1 3139.8 7.1 755.3
8 66.6 155.0 126.6 3266.4 5.7 761.0
7 56.7 196.5 186.5 3452.8 10.6 771.6
6 44.2 196.5 168.1 3621.0 6.0 777.6
5 35.8 196.5 130.2 3751.2 4.2 781.8
4 27.5 196.5 125.7 3876.9 2.6 784.4
3 19.2 196.5 120.4 3997.3 1.4 785.8
2 10.8 196.5 207.0 4204.3 0.5 786.3

Table 7 — Factored Wind and Seismic Loads for the East-West Direction
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The following two tables (8 and 9) provide an analysis for the special wind load cases as defined in figure 6-9 in

chapter 6 of ASCE 7-05. Some of the load cases include just story forces, while others include story forces plus

an applied moment due to eccentricity of the wind load. The load cases are described below, and the calculated

values for each level are shown in the tables with an assigned letter for each column.

Load Case Column
-1a A

-1b G

-2a B+E

-2b H+K

-3 B+H

-4 C+F+1+L

Description
Factored wind load (NS direction)

Factored wind load (EW direction)

75% of the factored wind load + the moment created by 75% of the load
at 15% eccentricity (NS direction)

75% of the factored wind load + the moment created by 75% of the load
at 15% eccentricity (EW direction)

75% of the factored wind load applied in both directions simultaneously
56.25% of the factored wind loads in both directions + the moment
created by 56.25% of the wind loads at 15% eccentricity in both
directions
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NORTH-SOUTH DIRECTION
A B C D E F

- Moment, Moment,

Level StorFy (Flf)rce’ 0.75F (k) | 0.5625F, (k) Wii‘t‘:dg”g(ft) 0.15B,*0.75F, | 0.15B,*0.5625F,
x e (k-ft) (k-ft)

sky lobby 37.5 28.1 21.1 60.0 253.1 189.8
roof level
roof level 84.3 63.2 47.4 89.0 844.1 633.0
29 74.7 56.0 42.0 89.0 747.9 561.0
28 73.1 54.8 41.1 89.0 731.9 548.9
27 68.5 51.4 38.5 83.5 643.5 482.6
26 68.5 51.4 38.5 83.5 643.5 482.6
25 68.5 51.4 38.5 83.5 643.5 482.6
24 68.5 51.4 38.5 83.5 643.5 482.6
23 67.2 50.4 37.8 83.5 631.3 473.4
22 65.2 48.9 36.7 83.5 612.5 459.4
21 64.9 48.7 36.5 83.5 609.7 457.2
20 63.6 47.7 35.8 83.5 597.4 448.1
19 63.6 47.7 35.8 83.5 597.4 448.1
18 62.1 46.6 34.9 83.5 583.4 4375
17 62.0 46.5 34.9 83.5 582.4 436.8
16 60.8 45.6 34.2 83.5 571.1 428.4
15 60.2 45.2 33.9 83.5 565.5 424.1
14 59.3 44.5 33.4 83.5 557.0 417.8
13 58.2 43.7 32.7 83.5 546.7 410.0
12 57.7 43.3 325 83.5 542.0 406.5
11 55.8 419 31.4 83.5 524.2 393.1
10 54.7 41.0 30.8 83.5 513.8 385.4
9 53.4 40.1 30.0 83.5 501.6 376.2
8 78.6 59.0 44.2 119.3 1055.2 791.4
7 90.5 67.9 50.9 119.3 1215.0 911.2
6 80.6 60.5 453 119.3 1082.1 811.5
5 61.6 46.2 34.7 119.3 827.0 620.2
4 58.4 43.8 32.9 119.3 784.0 588.0
3 54.8 41.1 30.8 119.3 735.7 551.8
2 91.9 68.9 51.7 119.3 1233.8 925.3

Table 8 — Special Wind Load Cases for the North-South Direction
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EAST-WEST DIRECTION
G H | J K L
- Moment, Moment,
Level Foriszy (g | 075k | 0.5625F (K Wii‘t‘:dg”g(ft) 0.15B,*0.75F, | 0.15B,*0.5625F,
’ B (k-ft) (k-ft)
sky lobby 56.7 42.5 31.9 79.0 503.8 377.9
roof level
roof level 178.2 133.6 100.2 163.8 3283.9 2462.9
29 158.0 118.5 88.9 163.8 2911.6 2183.7
28 151.2 113.4 85.1 159.5 2713.8 2035.4
27 146.9 110.2 82.6 155.0 2561.6 1921.2
26 146.9 110.2 82.6 155.0 2561.6 1921.2
25 146.9 110.2 82.6 155.0 2561.6 1921.2
24 146.9 110.2 82.6 155.0 2561.6 1921.2
23 144.8 108.6 81.4 155.0 2524.1 1893.1
22 141.4 106.0 79.5 155.0 2465.0 1848.7
21 141.0 105.7 79.3 155.0 2458.3 1843.8
20 138.9 104.2 78.1 155.0 24217 1816.3
19 138.9 104.2 78.1 155.0 24217 1816.3
18 136.4 102.3 76.7 155.0 23783 1783.7
17 136.2 102.1 76.6 155.0 2374.8 1781.1
16 134.2 100.6 75.5 155.0 2339.2 1754.4
15 133.2 99.9 74.9 155.0 23232 1742.4
14 131.7 98.8 74.1 155.0 2297.2 1722.9
13 130.0 97.5 73.1 155.0 2266.4 1699.8
12 129.1 96.9 72.6 155.0 2251.9 1688.9
11 126.1 94.6 70.9 155.0 2198.5 1648.9
10 124.3 93.2 69.9 155.0 2166.8 1625.1
9 122.1 91.6 68.7 155.0 21286 1596.4
8 126.6 95.0 71.2 155.0 2207.8 1655.8
7 186.5 139.9 104.9 196.5 41222 3091.6
6 168.1 126.1 94.6 196.5 3716.5 2787.4
5 130.2 97.7 73.3 196.5 2879.1 2159.3
4 125.7 94.3 70.7 196.5 2779.2 2084.4
3 120.4 90.3 67.7 196.5 2661.2 1995.9
2 207.0 155.2 116.4 196.5 4575.8 3431.8

Table 9 — Special Wind Load Cases for the East-West Direction
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Calculation of Preliminary Wall Thicknesses

For the more detailed layout of the new shear walls, the following configuration was created (fig. 8). The
variation in the flange lengths was due to architectural limitations, which will be discussed in more detail later in
the report.

25'-9” (SW1) CB1 25'-9” (SW2)

16’-0” (SW3) CB2 167-0” (SW4)

Figure 8 — Shear Wall and Coupling Beam Configuration

The basic factored load cases (1.6W and 1.0E) were used for the determination of the preliminary wall
thicknesses, which were calculated with the following equation.

- (V)
o(3/f),)

= t=wall thickness (in)

= p=fraction of the story shear force being resisted by that wall (based on number of walls and their
relative lengths)

=V, =factored total shear force at level x (multiplied by 1000 to convert from kips to pounds)

= ¢ =0.75 for wind loads

= ¢ =0.60 for seismic loads

= 3Vf'. = approximate shear stress of the wall (f'. = 8000 psi up to level 13, f'. = 6000 psi above level 13)

= |, =length of the wall (in)

The results are shown tables 10 and 11 on following two pages.
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NORTH-SOUTH DIRECTION
Wind (factored) Seismic (factored) Preliminary ShT?nr)Wall Thickness

Level Story F Total Sh Story F Total Sh

ory Force, | Total Shear, ory Force, | Total Shear,

A v A v 0 SW1 | Sw2 | Sw3 | swa
:';‘g;cl’sfgl 37.5 375 238 238 021 | 021 | 022 | 022
roof level 84.3 1218 64.1 87.9 067 | 067 | 073 | 0.73
29 74.7 196.5 74.7 162.6 112 | 112 | 121 | 1.21
28 73.1 269.6 70.1 232.7 160 | 1.60 | 1.74 | 1.74
27 68.5 338.1 53.8 286.5 198 | 1.98 | 2.14 | 2.14
26 68.5 406.6 50.3 336.8 232 | 232 | 252 | 252
25 68.5 475.1 46.8 383.6 265 | 265 | 287 | 287
24 68.5 543.6 435 427.1 3.00 | 3.00 | 325 | 3.25
23 67.2 610.8 403 467.4 337 | 337 | 365 | 3.65
22 65.2 676.0 37.1 504.5 373 | 3.73 | 404 | 4.04
21 64.9 740.9 34.1 538.6 409 | 409 | 443 | 4.43
20 63.6 804.5 31.2 569.8 444 | 444 | 481 | 481
19 63.6 868.1 28.4 598.2 479 | 479 | 519 | 5.19
18 62.1 930.2 258 624.0 513 | 513 | 556 | 5.56
17 62.0 992.2 232 647.2 547 | 547 | 593 | 593
16 60.8 1053.0 2058 668.0 581 | 581 | 629 | 6.29
15 60.2 1113.2 185 686.5 6.14 | 6.14 | 6.65 | 6.65
14 59.3 11725 16.2 702.7 647 | 6.47 | 7.01 | 7.01
13 58.2 1230.7 142 716.9 588 | 588 | 637 | 6.37
12 57.7 1288.4 122 729.1 6.16 | 6.16 | 6.67 | 6.67
11 55.8 1344.2 104 739.5 642 | 6.42 | 696 | 6.96
10 54.7 1398.9 8.7 748.2 6.68 | 668 | 7.24 | 7.24
9 53.4 14523 7.1 755.3 694 | 694 | 752 | 7.52
8 78.6 1530.9 5.7 761.0 731 | 731 | 7.92 | 7.92
7 90.5 1621.4 106 771.6 775 | 7.75 | 839 | 839
6 80.6 1702.0 6.0 777.6 813 | 813 | 881 | 881
5 61.6 1763.6 42 781.8 843 | 843 | 913 | 9.13
4 58.4 1822.0 26 784.4 871 | 871 | 943 | 943
3 54.8 1876.8 1.4 785.8 897 | 897 | 971 | 971
2 91.9 1968.7 05 786.3 941 | 941 | 1019 | 1019

Table 10 — Preliminary Thicknesses for Walls in the North-South Direction
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EAST-WEST DIRECTION
Preliminary
Wind (factored) Seismic (factored) Shear Wall
Level Thickness (in)
Story Force, | Total Shear, | Story Force, | Total Shear,

F, (k) V, (K F, (k) v | V| e
ig;‘l’s\f’; 56.7 56.7 23.8 23.8 0.44 | 0.44
roof level 178.2 234.9 64.1 87.9 1.81 1.81
29 158.0 392.8 74.7 162.6 3.03 3.03
28 151.2 544.1 70.1 232.7 4.20 4.20
27 146.9 691.0 53.8 286.5 5.33 5.33
26 146.9 837.9 50.3 336.8 6.46 6.46
25 146.9 984.8 46.8 383.6 7.59 7.59
24 146.9 1131.7 43,5 427.1 8.73 8.73
23 144.8 1276.4 40.3 467.4 9.84 9.84
22 141.4 1417.8 37.1 504.5 10.93 10.93
21 141.0 1558.8 34.1 538.6 12.02 12.02
20 138.9 1697.6 31.2 569.8 13.09 13.09
19 138.9 1836.5 28.4 598.2 14.16 14.16
18 136.4 1972.9 25.8 624.0 15.22 15.22
17 136.2 2109.1 23.2 647.2 16.27 16.27
16 134.2 2243.3 20.8 668.0 17.30 17.30
15 133.2 2376.5 18.5 686.5 18.33 18.33
14 131.7 2508.2 16.2 702.7 19.34 19.34
13 130.0 2638.2 14.2 716.9 17.62 17.62
12 129.1 2767.3 12.2 729.1 18.48 18.48
11 126.1 2893.4 10.4 739.5 19.32 19.32
10 124.3 3017.7 8.7 748.2 20.15 20.15
9 122.1 3139.7 7.1 755.3 20.97 20.97
8 126.6 3266.4 5.7 761.0 21.82 21.82
7 186.5 3452.8 10.6 771.6 23.06 23.06
6 168.1 3620.9 6.0 777.6 24.18 24.18
5 130.2 3751.2 4.2 781.8 25.05 25.05
4 125.7 3876.9 2.6 784.4 25.89 25.89
3 120.4 3997.3 1.4 785.8 26.70 26.70
2 207.0 4204.3 0.5 786.3 28.08 28.08

Table 11 — Preliminary Thicknesses for Walls in the East-West Direction

For the initial model, an 18" thickness was used for all shear walls oriented in the north-south direction. For the

east-west direction, a 30” wall was used up to level 7, a 24” wall through level 16, and an 18” wall extending to

the top floor.
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ETABS Model (M.A.E. Requirement)

The computer program ETABS was used to model the shear walls 3-dimensionally. The image below (fig. 9)
gives the general idea of the location of the shear wall system in this tower. In order to visualize its relation to

the rest of the building, the seismic joint is labeled in the figure. The shear
walls were initially modeled with the preliminary wall thicknesses calculated
above. However, to help reduce the torsion and modal periods of the
structure, the walls were thickened in some places. The thickness of SW1
and SW2 were increased from 18” to 24” below level 13. Also, 18” shear

walls were added on either side of the shear wall core in the first 7 levels
(the parking structure).

‘\,\\’
e s d b
Vi

AR AR
A
"

i

-

Seismic Joint

The modal analysis of the structure (from ETABS) gave the following results
for the building period: T,=5.75 sec, T, =3.91 sec, T, = 2.31 sec. These
values are slightly high for this building, but those periods are acceptable
because the focus of this project is not dynamic analysis. Also, the initial
seismic load calculations were based on a fundamental period of 2.031

seconds, which does not exceed the values given from ETABS. Therefore, the
calculations do not need to be modified.

Figure 9 — 3-Dimensional
Model of Shear Walls

The same concrete strength (f'c) as the original design was used for the analysis: 8000 psi up to level 13 and
6000 psi above level 13. The factored lateral loads, as well as the special wind load cases, were defined in the
program as ‘user-defined’ loads to be used for analysis of the walls. (In addition, a load case for 70% of the wind

load was used for drift analysis. See the following section for more details.) The floor diaphragms were drawn
in the model and assigned a mass as calculated for the seismic loads.

The walls were modeled as shell elements (meshed into areas with 24” to 30” dimensions) and a 0.7 multiplier
was applied to the moment of inertia (f22 in the program), which decreased the stiffness of the walls. This
section property modifier was allowed according to ACI 318-08 section 10.10.4.1, which states that the

“stiffnesses El used in an analysis for strength design should represent the stiffnesses of the members
immediately prior to failure” (R10.10.4).

There are two coupling beams at each level: one connecting shear walls 1 and 2, and one connecting shear walls
3 and 4. The depth of the coupling beams was limited due to the low floor-to-floor height, which was typically
8’-11 %" for the apartment levels. After leaving a 7’-4” allowance for the door frames, only 1’-7 %“ remained for
the depth of the beams. The width of the beams was 18", which did not exceed the width of the walls. For the
cracked section properties, a modifier of 0.125 was applied to the moment of inertia of the beams. By making
the beams less stiff in the model, the output forces in the beams were lower than the actual loads. Then,
because the reinforcement was designed based on the lower forces, the beams were designed to yield and crack
in an actual earthquake. Then, they would become less stiff and see the loads that resulted from 0.125I,.
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For clarity, the elevations of each of the main shear walls are shown in figure 10 below. There are some
variations and openings along the height of the building due to architectural reasons. To summarize, SW1 and
SW?2 are 24” thick up to level 13 and 18” for the upper floors, while SW3 and SW4 are 18" thick for the total
building height. SW5 and SW6 are 30” up to level 7, 24” up to level 16, and 18” for the upper floors.

18/1

R
s e

SW1 and SW2 SW3 and SW4 SW5 SW6

Figure 10 — Shear Wall Elevations and Thicknesses
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Drift Analysis

Initially, the calculated seismic story forces were defined in the ETABS model with an automatic 5% accidental
torsion. After running the model, the displacements at the roof level (table 12) were used to determine if there
were any horizontal structural irregularities in the building. The maximum seismic drift for two points at
opposite ends of the level was found. For the load case with the maximum displacements, the larger of the two
displacements was divided by the average of the displacements at that point.

Point 1 Point2
6)( (Sy 6)( (SY
NS Seismic 0.1737 0.2547 0.4602 0.2589
Story Drift (in)
EW Seismic 0.0216 0.0010 0.0637 0.1538

Table 12 — Displacements of two points at the roof level with 5% accidental eccentricity

The maximum drifts were in the x-direction due to seismic loads oriented in the north-south direction. The
following equation was used to determine that there was extreme torsional irregularity because 6max/6avg >1.4.
The types of horizontal irregularities are defined in table 12.3-1 of ASCE 7-05.

Smax 0.4602 1as
Savg (0.4602 + 0.1737) -
2

Because of the irregularity, a torsional amplification factor (ASCE 7-05, 12.8.4.3) was calculated and applied to
the accidental eccentricity ratio. This calculation for accidental torsion was only based on the displacements at
the roof level, but the value was used for the entire building.

Smax \° 145\
Ay =22 ) = (=) =146
* <1.25a,,g (1.2)

Accidental eccentricity ratio = (0.05)(1.46) = 0.073

Table 13 on the following page summarizes the drift analyses at each floor for both wind and seismic loads. The
drift limit for wind is defined as L/400, which is common practice. The ETABS output for wind is based on 70% of
the calculated loads. In section CC.1.2 of ASCE 7-05, it is written that the use of factored wind loads for
serviceability checks is extremely conservative. Therefore, the load combination with a 5% chance of being
exceeded in a given year (0.70W) is used in this analysis. The allowable story drift due to seismic loads is based
on an occupancy category of Il (ASCE 7-05, table 12.12-1). The actual drifts from ETABS are multiplied by a
deflection amplification factor, Cy4, which is equal to 5 for special reinforced concrete shear walls (ASCE 7-05,
table 12.2-1). For the new shear wall design, the story drifts do not exceed the given limits.
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Story Drift due to Wind (in) Story Drift due to Seismic (in)
. ETABS Output Code ETABS Output (Cy4 Code
Story Height . . . .
Level () (deflection due Recommendation * deflection due Requirement
to 0.7W) (L/400) to 1.0E) (0.020h)

sky lobby
roof level 11.250 0.232 0.338 1.820 2.70
roof level 9.000 0.202 0.270 1.619 2.16
29 9.000 0.203 0.270 1.630 2.16
28 9.000 0.243 0.270 2.018 2.16
27 9.000 0.205 0.270 1.634 2.16
26 9.000 0.206 0.270 1.646 2.16
25 9.000 0.208 0.270 1.656 2.16
24 9.000 0.210 0.270 1.662 2.16
23 9.000 0.211 0.270 1.665 2.16
22 9.000 0.212 0.270 1.663 2.16
21 9.000 0.212 0.270 1.655 2.16
20 9.000 0.212 0.270 1.641 2.16
19 9.000 0.211 0.270 1.620 2.16
18 9.000 0.209 0.270 1.591 2.16
17 9.000 0.207 0.270 1.553 2.16
16 9.000 0.203 0.270 1.506 2.16
15 9.000 0.198 0.270 1.452 2.16
14 9.000 0.191 0.270 1.387 2.16
13 9.000 0.184 0.270 1.319 2.16
12 9.000 0.178 0.270 1.262 2.16
11 9.000 0.171 0.270 1.198 2.16
10 9.000 0.162 0.270 1.127 2.16
9 9.000 0.153 0.270 1.048 2.16
8 10.000 0.170 0.300 1.173 2.40
7 12.500 0.162 0.375 1.057 3.00
6 8.333 0.092 0.250 0.592 2.00
5 8.333 0.078 0.250 0.493 2.00
4 8.333 0.062 0.250 0.387 2.00
3 8.333 0.044 0.250 0.271 2.00
2 10.833 0.022 0.325 0.130 2.60

Table 13 — Story Drifts Under Wind and Seismic Loads

A brief check was conducted for the existing seismic joint (which extends from the base to the 7% floor) based

on ASCE 7-05 section 12.12.3 (‘Building Separation’). The maximum drift at level 7 in the north-south direction is

1.06”, which is due to the seismic loading. The analysis was only completed for one of the towers, so the

required separation was assumed to be twice that displacement, or 2.12”. Therefore, it is assumed that the

existing 5” seismic joint would suffice with the new shear wall design and no pounding would occur.
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Feasibility Test for Coupling Beams

Because of the shallow depth of the coupling beams, an analysis was done to see if the beams could be designed
without diagonal reinforcing. In order to avoid diagonal reinforcing (according to ASCE 7-05 section 21.9.7), the
following equation had to be met.
Vu/® { 12 (for wind)
——< .,
WflA,, ~ @ (for seismic)

= V, =factored shear force in the beam based on the following load combinations
o 12D+0.5L+1.6W
0 0.9D+1.6W
0 1.32D +0.5L + 1.0E (modified, see below)
0 0.78D + 1.0E (modified, see below)
= ¢ =0.75 for wind loads
= ¢ =0.60 for seismic loads
= A =1for normal weight concrete
= . =8000 psi up to level 13, f'. = 6000 psi above level 13
» A, = cross-sectional area of the beam (18” x 19.5” = 351 in?)

The values for V, were found based on both hand calculations and ETABS output. Using the tributary area for
each beam, the estimated dead load for each floor, and the provided live loads from IBC 2006, the V, from
gravity loads was calculated. Generally, the tributary area was found to be 183.4 ft* for the coupling beam
labeled CB1 and 142.9 ft? (apartments) or 230.6 ft? (parking area) for the coupling beam labeled CB2. The dead
loads were summarized previously for the seismic load calculations. The live loads were assumed to be 20 psf
for the roof, 100 psf for the apartment towers (because the shear walls surround the elevator lobby, which is
treated as a corridor), and 40 psf for the parking garage.

The shear forces in the beams due to wind were found from ETABS. All of the special load cases were
considered. The seismic load combinations were modified according to section 12.4 of ASCE 7-05.
= Seismic effects, E = E, + E,
= E,=pQ; (p=1.3 for Seismic Design Category D, Q¢ = seismic force)
* E,=(0.2Sp5)D =0.2(0.588)D = 0.1176D
= Modified Dead Load Factors:
0o 1.2+0.1176=1.318
0 09-0.1176=0.782

The total V, from the gravity calculations and the ETABS output was found using the previously stated load
combinations, and the maximum V, was used in the equation to check the necessity of diagonal reinforcement.
The results are summarized in the tables on the next few pages. (Note: There is only one coupling beam at the
top level because the shear wall configuration changes due to the sky lobby.)
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V, due to gravity loads

V, due to lateral loads (ETABS)

(hand calculations) Wind Case 1 Wind Case 2 Wind Case 3 Wind Case 4

Level 1.6W (in NS 0.75(1'.6'W) + 15% 0.75(1.6W) 0.5625(1.6V\./).+

1.2D 0.9D 0.5L direction for ecc?ntrluty (max. in (simultaneous in 15% gcce-ntrlaty

beams) elth(?r NS. or EW both directions) (app?lled .m both

direction) directions)
skylobby 110 47 | 1386 | 134 34.99 21.76 26.04 3.24
roof level

roof level 12.87 9.65 4.58 38.35 23.84 28.55 3.53
29 15.95 11.97 4.58 38.60 23.99 28.73 3.54
28 15.95 11.97 4.58 38.94 24.21 28.99 3.58
27 15.95 11.97 4.58 39.35 24.48 29.29 3.64
26 15.95 11.97 4.58 39.79 24.77 29.62 3.73
25 15.95 11.97 4.58 40.24 25.07 29.95 3.83
24 15.95 11.97 4.58 40.68 25.37 30.27 3.96
23 15.95 11.97 4.58 41.08 25.65 30.56 4.10
22 15.95 11.97 4.58 41.40 25.90 30.80 4.26
21 15.95 11.97 4.58 41.64 26.09 30.97 4.44
20 15.95 11.97 4.58 41.75 26.22 31.05 4.64
19 15.95 11.97 4.58 41.72 26.26 31.02 4.85
18 15.95 11.97 4.58 41.52 26.21 30.86 5.09
17 15.95 11.97 4.58 41.12 26.05 30.55 5.34
16 15.95 11.97 4.58 40.49 25.75 30.07 5.61
15 15.95 11.97 4.58 39.61 25.31 29.41 5.89
14 15.95 11.97 4.58 38.48 24.71 28.55 6.15
13 15.95 11.97 4.58 43.23 27.92 32.06 7.50
12 15.95 11.97 4.58 42.48 27.57 31.50 7.83
11 15.95 11.97 4.58 40.84 26.66 30.26 8.07
10 15.95 11.97 4.58 38.91 25.58 15.98 8.33
9 15.95 11.97 4.58 36.67 24.31 27.15 8.59
8 15.95 11.97 4.58 33.87 22.70 25.06 8.80
7 18.70 14.03 4.58 30.06 20.47 22.34 9.11
6 16.50 12.38 4.58 24.89 17.24 18.75 8.81
5 16.50 12.38 4.58 21.29 14.82 16.19 7.94
4 16.50 12.38 4.58 17.34 12.13 13.35 6.79
3 16.50 12.38 4.58 12.96 9.10 10.16 5.34
2 16.83 12.63 4.58 7.82 5.50 6.25 3.34

Table 14 — CB1 Shear Forces Due to Gravity and Lateral Loads (Wind)
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Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico
- AE Senior Thesis 2008-2009 - - Structural Option -
TOTAL V, (kips)
Level 120+ | 12D+ | 120+ 12D+ v/
05L+ | 05L+ 0.5L+ 050+ | 090 | 09D+ | 09D+ 09D+ (9AnVI)
Wind Wind Wind Wind Wind Wind Wind Wind Case
Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 4
sky lobby
roof level 54.80 41.57 45.86 23.05 21.13 7.90 12.19 -10.62 3.36
roof level 55.81 41.30 46.01 20.99 28.70 14.19 18.89 -6.13 3.42
29 59.13 44,53 49.27 24.07 26.63 12.03 16.77 -8.43 3.62
28 59.48 44.75 49.53 24.12 26.98 12.25 17.02 -8.39 3.65
27 59.89 45.02 49.83 24.18 27.38 12.51 17.32 -8.32 3.67
26 60.33 45.31 50.15 24.27 27.83 12.80 17.65 -8.24 3.70
25 60.78 45.61 50.49 24.37 28.28 13.11 17.99 -8.13 3.73
24 61.22 4591 50.81 24.50 28.72 13.41 18.31 -8.01 3.75
23 61.61 46.19 51.10 24.64 29.11 13.69 18.60 -7.86 3.78
22 61.94 46.43 51.34 24.80 29.44 13.93 18.84 -7.70 3.80
21 62.18 46.63 51.51 24.98 29.67 14.12 19.00 -7.52 3.81
20 62.29 46.76 51.59 25.18 29.79 14.25 19.08 -7.33 3.82
19 62.26 46.80 51.56 25.39 29.76 14.30 19.05 -7.11 3.82
18 62.06 46.75 51.40 25.62 29.55 14.25 18.89 -6.88 3.80
17 61.66 46.59 51.09 25.87 29.15 14.08 18.59 -6.63 3.78
16 61.02 46.29 50.61 26.15 28.52 13.78 18.11 -6.36 3.74
15 60.15 45.85 49.95 26.43 27.65 13.34 17.45 -6.08 3.69
14 59.01 45.25 49.09 26.69 26.51 12.74 16.59 -5.81 3.62
13 63.76 48.46 52.60 28.04 31.26 15.96 20.10 -4.47 3.39
12 63.02 48.11 52.03 28.37 30.51 15.61 19.53 -4.14 3.35
11 61.37 47.19 50.80 28.61 28.87 14.69 18.30 -3.89 3.26
10 59.45 46.12 36.52 28.87 26.94 13.61 4.01 -3.64 3.16
9 57.21 44.85 47.68 29.13 24.71 12.35 15.18 -3.37 3.04
8 54.41 43.23 45.60 29.34 21.91 10.73 13.09 -3.16 2.89
7 53.35 43.76 45.63 32.40 16.03 6.44 8.31 -4.92 2.83
6 45.97 38.32 39.84 29.89 12.51 4.86 6.37 -3.57 2.44
5 42.38 35.91 37.27 29.03 8.91 2.45 3.81 -4.44 2.25
4 38.43 33.22 34.44 27.88 4.96 -0.25 0.97 -5.59 2.04
3 34.05 30.18 31.25 26.42 0.58 -3.28 -2.22 -7.04 1.81
2 29.24 26.92 27.67 24.76 -4.81 -7.13 -6.38 -9.28 1.55

Table 15 — CB1 Shear Forces Due to Specified Load Combinations (Wind)
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Advisor: Dr. Andres Lepage
- AE Senior Thesis 2008-2009 -

Aquablue at the Golden Mile
Hato Rey, Puerto Rico

- Structural Option -

V, due to gravity loads V, due to lateral loads (ETABS)
(hand calculations) Wind Case 1 Wind Case 2 Wind Case 3 Wind Case 4

Level 1.6W (in NS O.75(1.§Vy) +15% 0.75(1.6W) 0.5625(1.6\/\./).+

1.2D 0.9D 0.5L direction for .ecc.entrlaty (max. (simultaneous in 15% gcce-ntrlaty

beams) in e|ther N.S or EW both directions) (app?lled .|n both

direction) directions)
roof

level 10.03 7.52 3.57 16.49 18.00 11.98 26.36
29 12.43 9.32 3.57 18.08 19.72 13.14 28.88
28 12.43 9.32 3.57 18.23 19.84 13.24 29.08
27 12.43 9.32 3.57 18.43 19.98 13.39 29.33
26 12.43 9.32 3.57 18.66 20.13 13.56 29.60
25 12.43 9.32 3.57 18.92 20.27 13.74 29.87
24 12.43 9.32 3.57 19.19 20.38 13.94 30.13
23 12.43 9.32 3.57 19.47 20.46 14.14 30.36
22 12.43 9.32 3.57 19.75 20.48 14.33 30.54
21 12.43 9.32 3.57 20.00 20.44 14.50 30.64
20 12.43 9.32 3.57 20.24 20.56 14.66 30.66
19 12.43 9.32 3.57 20.44 20.65 14.78 30.56
18 12.43 9.32 3.57 20.59 20.69 14.87 30.34
17 12.43 9.32 3.57 20.70 20.65 14.91 29.96
16 12.43 9.32 3.57 20.74 20.52 14.91 29.38
15 12.43 9.32 3.57 20.71 20.30 14.85 28.63
14 12.43 9.32 3.57 20.56 19.97 14.70 27.73
13 12.43 9.32 3.57 23.41 22.50 16.67 30.64
12 12.43 9.32 3.57 23.33 22.16 16.55 29.57
11 12.43 9.32 3.57 23.06 21.62 16.29 28.14
10 12.43 9.32 3.57 22.72 20.98 15.98 26.49
9 12.43 9.32 3.57 22.29 20.21 15.60 24.55
8 12.43 9.32 3.57 21.58 19.12 15.03 22.05
7 23.52 17.64 5.77 20.84 17.71 14.45 18.45
6 20.76 15.57 5.77 18.86 15.42 13.12 14.51
5 20.76 15.57 5.77 16.39 13.35 11.53 12.47
4 20.76 15.57 5.77 13.53 10.98 9.65 10.26
3 20.76 15.57 5.77 10.24 8.28 7.45 7.79
2 21.17 15.88 5.77 6.16 4.99 4.60 4.77

Table 16 — CB2 Shear Forces Due to Gravity and Lateral Loads (Wind)
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Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico
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TOTAL V, (kips)

Level 1.2D + 1.2D + 1.2D + 1.2D + v/

09D+ | 0.9D+ 0.9D + 0.9D+ | (pAVF')
0.5L+ 0.5L+ 0.5L+ 0.5L+ . . . .
Wind Wind Wind Wind Wind Wind Wind Wind
Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4
roof
level 30.10 31.60 25.58 39.96 8.97 10.47 4.46 18.83 2.45
29 34.08 35.72 29.14 44.88 8.76 10.39 3.81 19.56 2.75
28 34.23 35.84 29.25 45.08 8.91 10.51 3.92 19.76 2.76
27 34.43 35.98 29.39 45.33 9.11 10.66 4.07 20.00 2.78
26 34.66 36.13 29.56 45.60 9.34 10.81 4.24 20.27 2.80
25 34.92 36.27 29.75 45.87 9.60 10.95 4.42 20.55 2.81
24 35.20 36.39 29.94 46.13 9.87 11.06 4.62 20.81 2.83
23 35.47 36.46 30.14 46.36 10.15 11.14 4.81 21.04 2.84
22 35.75 36.49 30.33 46.54 10.42 11.16 5.00 21.21 2.85
21 36.01 36.44 30.50 46.64 10.68 11.12 5.18 21.32 2.86
20 36.24 36.56 30.66 46.66 10.92 11.24 5.33 21.33 2.86
19 36.44 36.66 30.78 46.57 11.12 11.33 5.46 21.24 2.85
18 36.60 36.69 30.87 46.34 11.27 11.37 5.55 21.02 2.84
17 36.70 36.65 30.92 45.97 11.37 11.33 5.59 20.64 2.82
16 36.74 36.52 30.91 45.38 11.42 11.20 5.59 20.06 2.78
15 36.71 36.30 30.85 44.63 11.38 10.98 5.52 19.31 2.74
14 36.57 35.98 30.70 43.73 11.24 10.65 5.37 18.41 2.68
13 39.42 38.50 32.67 46.64 14.09 13.18 7.35 21.32 2.48
12 39.33 38.16 32.55 45.57 14.00 12.84 7.23 20.25 2.42
11 39.06 37.63 32.29 44.15 13.73 12.30 6.97 18.82 2.34
10 38.72 36.98 31.98 42.49 13.39 11.66 6.66 17.17 2.26
9 38.29 36.21 31.60 40.56 12.96 10.89 6.28 15.23 2.15
8 37.59 35.12 31.03 38.05 12.26 9.80 5.71 12.72 2.02
7 50.13 47.00 43.73 47.73 3.20 0.07 -3.20 0.80 2.66
6 45.38 41.95 39.64 41.03 3.29 -0.14 -2.45 -1.06 2.41
5 42.91 39.87 38.05 38.99 0.83 -2.22 -4.04 -3.09 2.28
4 40.06 37.50 36.17 36.78 -2.03 -4.59 -5.92 -5.31 2.13
3 36.76 34.81 33.97 34.31 -5.33 -7.28 -8.11 -7.78 1.95
2 33.10 31.92 31.53 31.71 -9.72 -10.89 -11.28 -11.11 1.76

Table 17 — CB2 Shear Forces Due to Specified Load Combinations (Wind)
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. V, due to
Vy due to gravntY loads Iat;ral loads TOTAL V, (kips)
(hand calculations)
Level (ETABS) Vo/ (GAVF)
1.32D + 0.78D +
1.32D 0.78D 0.5L 1.0E 0.5L + 1.0F 10E
:';‘éf'cl’:\'fgl 2029 | 12.05 1.34 33.18 54.81 21.14 3.36
roof level 14.13 8.39 4.58 36.38 55.09 27.98 3.38
29 17.52 10.40 4.58 36.61 58.72 26.21 3.60
28 17.52 10.40 4.58 36.93 59.03 26.53 3.62
27 17.52 10.40 4.58 37.28 59.38 26.88 3.64
26 17.52 10.40 4.58 37.62 59.72 27.22 3.66
25 17.52 10.40 4.58 37.93 60.03 27.53 3.68
24 17.52 10.40 4.58 38.18 60.29 27.78 3.70
23 17.52 10.40 4.58 38.36 60.46 27.95 3.71
22 17.52 10.40 4.58 38.42 60.52 28.02 3.71
21 17.52 10.40 4.58 38.36 60.46 27.96 3.71
20 17.52 10.40 4.58 38.15 60.25 27.75 3.69
19 17.52 10.40 4.58 37.77 59.88 27.37 3.67
18 17.52 10.40 4.58 37.21 59.31 26.81 3.64
17 17.52 10.40 4.58 36.45 58.55 26.04 3.59
16 17.52 10.40 4.58 35.46 57.56 25.05 3.53
15 17.52 10.40 4.58 34.24 56.34 23.84 3.45
14 17.52 10.40 4.58 32.80 54.90 22.40 3.37
13 17.52 10.40 4.58 36.29 58.39 25.89 3.10
12 17.52 10.40 4.58 35.27 57.37 24.87 3.05
11 17.52 10.40 4.58 33.51 55.61 23.11 2.95
10 17.52 10.40 4.58 31.53 53.63 21.12 2.85
9 17.52 10.40 4.58 29.31 51.41 18.91 2.73
8 17.52 10.40 4.58 26.68 48.78 16.27 2.59
7 20.54 12.20 4.58 23.21 48.33 11.01 2.57
6 18.12 10.76 4.58 18.74 41.44 7.98 2.20
5 18.12 10.76 4.58 15.81 38.51 5.05 2.04
4 18.12 10.76 4.58 12.70 35.41 1.94 1.88
3 18.12 10.76 4.58 9.37 32.07 -1.39 1.70
2 18.48 10.98 4,58 5.57 28.63 -5.41 1.52

Table 18 — CB1 Shear Forces, Including Specified Load Combinations (Seismic)
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Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico
- AE Senior Thesis 2008-2009 - - Structural Option -
. V, due to
Vy due to grath loads Iat;ral loads TOTAL V, (kips)
(hand calculations)
Level (ETABS) Vo (DAVF)
1.32D + 0.78D +
1.32D 0.78D 0.5L 1.0E 050+ 1.0F 1.0E
roof level 11.01 6.54 3.57 11.18 25.77 4.64 1.58
29 13.65 8.10 3.57 12.26 29.48 4.16 1.81
28 13.65 8.10 3.57 12.36 29.58 4.26 1.81
27 13.65 8.10 3.57 12.50 29.72 4.40 1.82
26 13.65 8.10 3.57 12.66 29.88 4.55 1.83
25 13.65 8.10 3.57 12.83 30.05 4.72 1.84
24 13.65 8.10 3.57 13.00 30.22 4.90 1.85
23 13.65 8.10 3.57 13.17 30.39 5.07 1.86
22 13.65 8.10 3.57 13.33 30.55 5.23 1.87
21 13.65 8.10 3.57 13.48 30.70 5.37 1.88
20 13.65 8.10 3.57 13.60 30.82 5.50 1.89
19 13.65 8.10 3.57 13.70 30.92 5.59 1.90
18 13.65 8.10 3.57 13.76 30.98 5.66 1.90
17 13.65 8.10 3.57 13.79 31.01 5.68 1.90
16 13.65 8.10 3.57 13.78 31.00 5.68 1.90
15 13.65 8.10 3.57 13.73 30.95 5.62 1.90
14 13.65 8.10 3.57 13.59 30.81 5.48 1.89
13 13.65 8.10 3.57 15.44 32.66 7.34 1.73
12 13.65 8.10 3.57 15.39 32.61 7.28 1.73
11 13.65 8.10 3.57 15.24 32.46 7.14 1.72
10 13.65 8.10 3.57 15.07 32.29 6.97 1.71
9 13.65 8.10 3.57 14.87 32.09 6.76 1.70
8 13.65 8.10 3.57 14.52 31.74 6.42 1.69
7 25.83 15.34 5.77 14.26 45.86 -1.07 2.43
6 22.79 13.53 5.77 13.02 41.57 -0.52 2.21
5 22.79 13.53 5.77 11.22 39.77 -2.31 2.11
4 22.79 13.53 5.77 9.17 37.73 -4.36 2.00
3 22.79 13.53 5.77 6.87 35.42 -6.67 1.88
2 23.25 13.80 5.77 4.07 33.08 -9.73 1.76

Table 19 — CB2 Shear Forces, Including Specified Load Combinations (Seismic)

Because V./(dA.Vf' ) was less than 12 for the wind load cases and less than 4 for the seismic load cases,
diagonal reinforcement was not required. Therefore, the analysis continued with the proposed design.
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Shear Wall Reinforcement

The shear wall reinforcement was initially designed according to the seismic section 21.9 of ACI 318-08, which is
entitled ‘Special structural walls and coupling beams’. Then, the reinforcement was checked to see if it would
be adequate under the wind loads. In some cases, the rebar size had to be increased or the spacing had to be
decreased in order to have sufficient strength. Two curtains of reinforcement were used everywhere due to the
thickness of the walls.

The seismic shear forces in each wall at each level were determined by ETABS, and these values were compared
to ALAVF . (where A, was the wall length multiplied by the wall thickness) to determine if the required
reinforcement ratio could be reduced. For the transverse (horizontal) reinforcement, p; > 0.0025 if V, exceeded
this value, but if not, p, 2 0.0020. Similarly, for the longitudinal reinforcement, p, > 0.0025 if V, exceeded this
value, but if not, p; 2 0.0012. However, the reinforcement ratio could only be reduced for rebar sizes #5 and
smaller. Using the required ratio, a preliminary design for the rebar and spacing was determined for the
reinforcement based on the seismic loads. The shear capacity of the wall with this preliminary design was
determined by the equation from section 21.9.4 of ACE 319-08.

oV, = Q)Acv(ac/l\/ﬁ + ptfy)
= ¢ =0.60 for seismic design
= q.=2.0, based on the height/length ratio of the walls
= p, =transverse reinforcement ratio as calculated in the spreadsheet
= f,=60 ksi for grade 60 steel

In order to check the reinforcement for the wind loads, the factored shear forces were retrieved from the ETABS
model. Then, a simple calculation, V. = 2AvVf't,d (ACI 318-08, egn. 11-3), was done to check the shear capacity
of the concrete. An approximation of 0.8l, was made for d. In most cases, 0.5¢V. did not exceed the factored
shear force, so chapter 11 of ACI 318-08 was required for the reinforcement design. The shear capacity of the
steel was calculated with the steel area of the preliminary rebar design (V; = Ay f,d/s, ACI 318-08, eqn. 11-15).
Then, the total capacity of the wall ¢(V. + V;) was calculated and compared to V,. For SW1, the transverse
reinforcement only needed to be changed for the first two levels.

For the longitudinal reinforcement, the following equation was used to determine the minimum reinforcement
ratio (ACI 318-08, eqn. 11-30).

h
p; = 0.0025 + 0.5 (2.5 - l—‘”) (ps — 0.0025)
w

This equation became the limiting factor for almost all of the walls, so the vertical reinforcement had to be
increased. The calculation spreadsheets for SW1 are shown on the following pages. Table 20 shows the
preliminary transverse reinforcement, and table 21 shows the preliminary longitudinal reinforcement based on
the seismic loads. The last two tables (22 and 23) show the final shear wall reinforcement for SW1 after the
wind load check. Similar tables for the remaining five shear walls can be found in the Appendix.
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Seismic
Seismic Transverse (horizontal) Reinforcement
Level She:(?:an(:rce AV (k) Minimum Required Preliminary Actual A,
. .2 Rebar and .2 Actual p;
ETABS), V, (k) Required p; | A (in/ft) Spacing (in’/ft)

sky lobby

roof level 13.1 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
roof level 27.0 430.8 0.0020 0.432 (2)#5 @ | 12 0.62 0.0029
29 61.2 430.8 0.0020 0.432 (2)#5 @ | 12 0.62 0.0029
28 93.0 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
27 116.6 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
26 138.7 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
25 159.2 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
24 178.3 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
23 196.3 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
22 213.0 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
21 228.4 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
20 242.6 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
19 255.7 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
18 268.4 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
17 279.0 430.8 0.0020 0.432 2)#5 @ | 12 0.62 0.0029
16 273.8 430.8 0.0020 0.432 (2)#5 @ | 12 0.62 0.0029
15 295.4 430.8 0.0020 0.432 (2)#5 @ | 12 0.62 0.0029
14 312.4 430.8 0.0020 0.432 (2)#5 @ | 12 0.62 0.0029
13 329.1 663.3 0.0020 0.576 2#5@ | 9 0.83 0.0029
12 316.3 663.3 0.0020 0.576 2#5@ | 9 0.83 0.0029
11 306.1 663.3 0.0020 0.576 2#5@ | 9 0.83 0.0029
10 279.4 663.3 0.0020 0.576 Q#5@ | 9 0.83 0.0029
9 226.6 663.3 0.0020 0.576 2Q#5@ | 9 0.83 0.0029
8 72.4 663.3 0.0020 0.576 2Q#5@ | 9 0.83 0.0029
7 176.4 553.8 0.0020 0.576 2Q#5@ | 9 0.83 0.0029
6 235.1 553.8 0.0020 0.576 2Q#5@ | 9 0.83 0.0029
5 318.4 553.8 0.0020 0.576 2Q#5@ | 9 0.83 0.0029
4 482.9 553.8 0.0020 0.576 2Q#5@ | 9 0.83 0.0029
3 909.7 553.8 0.0025 0.720 2)#5@ | 9 0.83 0.0029
2 832.4 553.8 0.0025 0.720 2)#5@ | 9 0.83 0.0029

Table 20 — Preliminary Transverse Reinforcement for SW1
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Seismic
Longitudinal (vertical) Reinforcement
— Shear Capacity (k),
Level Minimum Required Preliminary Actual A, Vn = pAq(aAvf'c +
Required p, A, (inz/ft) Rebar.and (inz/ft) ’ Actual p, o))
’ Spacing

sky lobby

roof level 0.0012 0.259 (2)#5@ | 18 0.413 0.0019 1091.7

roof level 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

29 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

28 0.0012 0.259 (2)#5@ | 18 0.413 0.0019 1091.7

27 0.0012 0.259 (2)#5@ | 18 0.413 0.0019 1091.7

26 0.0012 0.259 (2)#5@ | 18 0.413 0.0019 1091.7

25 0.0012 0.259 (2)#5@ | 18 0.413 0.0019 1091.7

24 0.0012 0.259 (2)#5@ | 18 0.413 0.0019 1091.7

23 0.0012 0.259 (2)#5@ | 18 0.413 0.0019 1091.7

22 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

21 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

20 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

19 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

18 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

17 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

16 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

15 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

14 0.0012 0.259 2)#5@ | 18 0.413 0.0019 1091.7

13 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1562.3

12 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1562.3

11 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1562.3

10 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1562.3

9 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1562.3

8 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1562.3

7 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1304.4

6 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1304.4

5 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1304.4

4 0.0012 0.346 2)#5@ | 18 0.413 0.0014 1304.4

3 0.0025 0.720 (2)#5 @ 9 0.827 0.0029 1304.4

2 0.0025 0.720 (2)#5 @ 9 0.827 0.0029 1304.4

Table 21 — Preliminary Longitudinal Reinforcement and Total Shear Capacity for SW1
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Lindsay Lynch Aquablue at the Golden Mile

Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico
- AE Senior Thesis 2008-2009 - - Structural Option -
Wind
Wind Shear v Transverse (horizontal) Reinforcement
.=
Level FOI-;‘T'ZI(SZ)C,) m 2vf' t,d A st :/s ¢((b\>/"+\=/ ) Modified Rebar A, NEW ¢V, =
Vu (k) (k) S’t(IZ) (Ck) : and Spacing (in*/ft) | d(Ve+Vy) (k) P

sky lobby 20.2 689.3 766.3 1091.7 | )#5@ | 12 | 0.620 1091.7 0.0029
roof level

roof level 553 689.3 766.3 1091.7 (2) #5 @ 12 0.620 1091.7 0.0029
29 64.8 689.3 766.3 1091.7 (2) #5 @ 12 0.620 1091.7 0.0029
28 91.4 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
27 121.0 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
26 150.5 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
25 179.8 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
24 208.9 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
23 237.4 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
22 265.1 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
21 2933 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
20 3211 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
19 349.0 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
18 377.2 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
17 404.5 689.3 766.3 1091.7 (2)#5 @ 12 0.620 1091.7 0.0029
16 414.8 689.3 766.3 1091.7 (2) #5 @ 12 0.620 1091.7 0.0029
15 455.2 689.3 766.3 1091.7 (2) #5 @ 12 0.620 1091.7 0.0029
14 489.9 689.3 766.3 1091.7 (2)#5@ | 12 0.620 1091.7 0.0029
13 535.8 1061.3 1021.8 1562.3 (2)#5 @ 9 0.827 1562.3 0.0029
12 534.7 1061.3 1021.8 1562.3 (2) #5 @ 9 0.827 1562.3 0.0029
11 536.1 1061.3 1021.8 1562.3 (2) #5 @ 9 0.827 1562.3 0.0029
10 510.2 1061.3 1021.8 1562.3 (2) #5 @ 9 0.827 1562.3 0.0029
9 440.4 1061.3 1021.8 1562.3 (2) #5 @ 9 0.827 1562.3 0.0029
8 290.8 1061.3 1021.8 1562.3 (2) #5 @ 9 0.827 1562.3 0.0029
7 649.2 886.1 853.1 1304.4 (2) #5 @ 9 0.827 1304.4 0.0029
6 524.0 886.1 853.1 1304.4 (2) #5 @ 9 0.827 1304.4 0.0029
5 683.4 886.1 853.1 1304.4 (2) #5 @ 9 0.827 1304.4 0.0029
4 996.9 886.1 853.1 | 13044 (2) #5 @ 9 0.827 1304.4 0.0029
3 1807.1 886.1 853.1 1304.4 2)#7 @ 9 1.600 1903.0 0.0056
2 1628.3 886.1 853.1 1304.4 2)#7 @ 9 1.600 1903.0 0.0056

Table 22 — Final Transverse Reinforcement for SW1
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Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico
- AE Senior Thesis 2008-2009 - - Structural Option -
Wind
Longitudinal (vertical) Reinforcement
Level Minimum | Modified Rebar .
Required p, and Spacing As) (|n2/ft) P

sky lobby 0.0029 )#5@ | 10 0.744 0.0034
roof level

roof level 0.0029 (2)#5 @ 10 0.744 0.0034
29 0.0029 (2)#5 @ 10 0.744 0.0034
28 0.0029 (2)#5 @ 10 0.744 0.0034
27 0.0029 (2)#5 @ 10 0.744 0.0034
26 0.0029 (2)#5 @ 10 0.744 0.0034
25 0.0029 (2)#5 @ 10 0.744 0.0034
24 0.0029 (2)#5 @ 10 0.744 0.0034
23 0.0029 (2)#5 @ 10 0.744 0.0034
22 0.0029 (2)#5 @ 10 0.744 0.0034
21 0.0029 (2)#5 @ 10 0.744 0.0034
20 0.0029 (2)#5 @ 10 0.744 0.0034
19 0.0029 (2)#5 @ 10 0.744 0.0034
18 0.0029 (2)#5 @ 10 0.744 0.0034
17 0.0029 (2)#5 @ 10 0.744 0.0034
16 0.0029 (2)#5 @ 10 0.744 0.0034
15 0.0029 (2)#5 @ 10 0.744 0.0034
14 0.0029 (2)#5 @ 10 0.744 0.0034
13 0.0029 (2)#5 @ 8 0.930 0.0032
12 0.0029 (2)#5 @ 8 0.930 0.0032
11 0.0029 (2)#5 @ 8 0.930 0.0032
10 0.0029 (2)#5 @ 8 0.930 0.0032
9 0.0029 (2)#5 @ 8 0.930 0.0032
8 0.0029 (2)#5 @ 8 0.930 0.0032
7 0.0029 (2)#5 @ 8 0.930 0.0032
6 0.0029 (2)#5 @ 8 0.930 0.0032
5 0.0029 (2)#5 @ 8 0.930 0.0032
4 0.0029 (2)#5 @ 8 0.930 0.0032
3 0.0057 (2)#7 @ 8 1.800 0.0063
2 0.0055 (2)#7 @ 8 1.800 0.0063

Table 23 — Final Longitudinal Reinforcement for SW1
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Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico
- AE Senior Thesis 2008-2009 - - Structural Option -

The computer program pcaColumn was used to do a strength check of one of the I-shaped shear walls at level 9,
which is approximately at the base of the tower. The load cases for both the north-south and east-west
directions were considered, and the wall section was analyzed biaxially. Based on the factored axial loads and
bending moments, flexural reinforcement was required. Figure 11 below shows the final reinforcement layout
for this level. The general wall reinforcement consists of #5 bars at either 8” or 12” spacing. For the boundary
elements, which are indicated with teal boxes, #11 bars are used.
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Figure 11 — Vertical Reinforcement Layout for Strength Check of Shear Wall
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Lindsay Lynch Aquablue at the Golden Mile
Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico

- AE Senior Thesis 2008-2009 - - Structural Option -

With the final reinforcement layout shown above in figure 11, the following moment interaction diagrams were
determined through pcaColumn. The analysis was completed for the factored wind loads, which is the more
critical loading condition. In each figure, the data points correspond to the axial forces and moments in the
walls if both 100% of the wind load in one direction and 30% of the wind load in the other direction are applied
simultaneously. In all cases, the reinforcement is adequate because the data points falls within the graph.

800000 — My (k-ft)

| | | | | | | \4’—2 4’—1\ | | | | | |

f 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-800000 K/AH 4’—4 800000

Mx (k-ft)

-800000 1-
P = 1983 kip

Figure 12 — Moment Interaction Diagram for Strength Check of Shear Wall
(100% Wind in North-South Direction,
30% Wind in East-West Direction)
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- AE Senior Thesis 2008-2009 -
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Figure 13 — Moment Interaction Diagram for Strength Check of Shear Wall
(100% Wind in East-West Direction,
30% Wind in North-South Direction)
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Lindsay Lynch Aquablue at the Golden Mile
Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico

- AE Senior Thesis 2008-2009 - - Structural Option -

Coupling Beam Reinforcement

The coupling beams required both longitudinal and shear (stirrup) reinforcement. For the longitudinal
reinforcement, there were two stipulations for the minimum amount of required steel (for both the top and the
bottom of the beam).

3 |flby,d
Agmin = ‘Ey (ACI 318-08, egn. 10-3)
. A, > 2% (ACI 318-08, section 21.5.2.1)

The maximum factored moment from ETABS was used to calculate the required area of steel. A derivation
(assuming A, = 0.0125bd and p = 1.25%) of the two fundamental equations, M, = Asf,(d-a/2) and a =
Af,/(0.85f'cb), leads to the following equations to be used for reinforcement design.

. My , .
s = 110d (for f'. = 6000 psi)
. My , .
s = 15d (for f'. = 8000 psi)

For most of the floors, anywhere from (6) — (10) #7 bars were sufficient for the top and bottom of the beam,
which was allowable by code. According to ACI 318-08, section 21.5.2.1, the limit for the reinforcement ratio is
0.025, and this value was not exceeded in this design. See tables 24 and 25 for the results for the longitudinal
reinforcement for each coupling beam.
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Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico

- AE Senior Thesis 2008-2009 - - Structural Option -

Longitudinal Reinforcement
Asmin = As2 M, from ~ (Zf',\ilg/is.il)7C| Reii?grl::z?:ent Actual A
Level 3\/f'c-b‘£vd/fy ZOO_IoMéd/fy ETABS A T\;I 14254 (top and (in?) * | p<£0.025?
(i) (i) (kin) (F =8 ksi) bottom)

sky lobby 1.088 0.936 3778.5 4.840 (10) #7 6.00 0.017
roof level

roof level 1.088 0.936 4141.8 5.306 (10) #7 6.00 0.017
29 1.088 0.936 4168.3 5.340 (10) #7 6.00 0.017
28 1.088 0.936 4205.7 5.388 (10) #7 6.00 0.017
27 1.088 0.936 4249.6 5.444 (10) #7 6.00 0.017
26 1.088 0.936 4297.4 5.505 (10) #7 6.00 0.017
25 1.088 0.936 4346.3 5.568 (10) #7 6.00 0.017
24 1.088 0.936 43935 5.628 (10) #7 6.00 0.017
23 1.088 0.936 4436.3 5.683 (10) #7 6.00 0.017
22 1.088 0.936 4471.6 5.728 (10) #7 6.00 0.017
21 1.088 0.936 4496.9 5.761 (10) #7 6.00 0.017
20 1.088 0.936 4509.3 5.776 (10) #7 6.00 0.017
19 1.088 0.936 4506.0 5.772 (10) #7 6.00 0.017
18 1.088 0.936 4484.2 5.744 (10) #7 6.00 0.017
17 1.088 0.936 4440.9 5.689 (10) #7 6.00 0.017
16 1.088 0.936 4372.6 5.601 (10) #7 6.00 0.017
15 1.088 0.936 4278.2 5.481 (10) #7 6.00 0.017
14 1.088 0.936 4155.4 5.323 (10) #7 6.00 0.017
13 1.256 0.936 4668.4 5.868 (10) #7 6.00 0.017
12 1.256 0.936 4587.7 5.766 (10) #7 6.00 0.017
11 1.256 0.936 4410.2 5.543 (10) #7 6.00 0.017
10 1.256 0.936 4202.2 5.282 (10) #7 6.00 0.017
9 1.256 0.936 3960.7 4.978 (10) #7 6.00 0.017
8 1.256 0.936 3658.5 4.598 (8) #7 4.80 0.014
7 1.256 0.936 3246.3 4.080 (8) #7 4.80 0.014
6 1.256 0.936 2688.1 3.379 (6) #7 3.60 0.010
5 1.256 0.936 2299.2 2.890 (6) #7 3.60 0.010
4 1.256 0.936 1873.0 2.354 (4) #7 2.40 0.007
3 1.256 0.936 1400.5 1.760 (4) #7 2.40 0.007
2 1.256 0.936 845.1 1.062 (2) #7 1.20 0.003

Table 24 — Longitudinal Reinforcement for CB1
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Advisor: Dr. Andres Lepage Hato Rey, Puerto Rico

- AE Senior Thesis 2008-2009 - - Structural Option -

Longitudinal Reinforcement
Asmin = As2 M,, from ~ (21“"\il(l;/:s.i1)7d Reii?grucler?:ent Actual A
Level 3\lf‘c_bvzvd/fy 200.b\,;d/fy ETABS A2 ;\;I 14254 (top and (in?) * | p<0.025?
(in°) (in°) (kein) (f'.=8 ksi) bottom)
roof level 1.088 0.936 2846.6 3.647 (8) #7 4.80 0.014
29 1.088 0.936 3119.3 3.996 (8) #7 4.80 0.014
28 1.088 0.936 31404 4.023 (8) #7 4.80 0.014
27 1.088 0.936 3167.2 4.057 (8) #7 4.80 0.014
26 1.088 0.936 3196.5 4.095 (8) #7 4.80 0.014
25 1.088 0.936 3226.1 4.133 (8) #7 4.80 0.014
24 1.088 0.936 3254.3 4.169 (8) #7 4.80 0.014
23 1.088 0.936 3278.9 4.200 (8) #7 4.80 0.014
22 1.088 0.936 3297.8 4.225 (8) #7 4.80 0.014
21 1.088 0.936 3309.1 4.239 (8) #7 4.80 0.014
20 1.088 0.936 3310.9 4.241 (8) #7 4.80 0.014
19 1.088 0.936 3300.9 4.229 (8) #7 4.80 0.014
18 1.088 0.936 3277.0 4.198 (8) #7 4.80 0.014
17 1.088 0.936 3236.2 4.146 (8) #7 4.80 0.014
16 1.088 0.936 3173.2 4.065 (8) #7 4.80 0.014
15 1.088 0.936 3091.8 3.961 (8) #7 4.80 0.014
14 1.088 0.936 2994.8 3.836 (8) #7 4.80 0.014
13 1.256 0.936 3309.2 4.159 (8) #7 4.80 0.014
12 1.256 0.936 31935 4.014 (8) #7 4.80 0.014
11 1.256 0.936 3039.5 3.820 (8) #7 4.80 0.014
10 1.256 0.936 2861.0 3.596 (6) #7 3.60 0.010
9 1.256 0.936 2651.9 3.333 (6) #7 3.60 0.010
8 1.256 0.936 2380.9 2.993 (6) #7 3.60 0.010
7 1.256 0.936 2251.1 2.829 (6) #7 3.60 0.010
6 1.256 0.936 2036.5 2.560 (6) #7 3.60 0.010
5 1.256 0.936 1770.4 2.225 (4) #7 2.40 0.007
4 1.256 0.936 1461.6 1.837 (4) #7 2.40 0.007
3 1.256 0.936 1105.7 1.390 (4) #7 2.40 0.007
2 1.256 0.936 669.0 0.841 (2) #7 1.20 0.003

Table 25 — Longitudinal Reinforcement for CB2
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For the design of the stirrups, the strength of the concrete was neglected as a conservative assumption (based
on ACI 318-08, section 21.5.4.2). The maximum V, due to both wind and seismic loads, as previously calculated
for the feasibility test of the coupling beams, was divided by the applicable ¢ factor to determine the required
shear strength of the steel. The following limitations applied to the value for V.

V. <8Jf b,d (ACI 318-08, section 11.4.7.9)

The minimum area of the shear reinforcement was determined with section 11.4.6.3 of the concrete building

code.
D.75Jf:'bws
- Av,‘min = fy
50b,,s
Ay =
v,min fy

The resulting steel design was (3) — (4) legs of #3 stirrups in each beam. The maximum allowable spacing was
calculated (using a more accurate d = 16”), but the actual spacing was limited to 4” by section 21.5.3.2. A
summary of the coupling beam reinforcement calculations can be found in the tables on the following pages.
The sketches below show the transverse reinforcement for a typical coupling beam. Figure 14 shows the
spacing of the reinforcement across the length of the beam, and figure 15 gives a view of a typical beam cross-
section. The two hoops overlap in the beam, and they have 3” extensions where the ends of the bars extend
into the interior concrete.

\%1, 4" sPAcnG |
/|

0 1}

A

—_— N

Figure 14 — Stirrup Spacing for a Coupling Beam Figure 15 — Typical beam cross-section
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Shear Reinforcement (stirrups)
Wind Seismic
Vv, < Ay min (in’) Preliminary A, | smax=
Level Max Vy | Virequrea 2 | MaxVy | Vorurea2 | .5 | 8vFibud (#3 bars, 0.11 | Af,d/V, S(aic:)a' AV;"";‘/”: (T()
W | vwow | w | vwew 1°A(‘kw)wc W |ozsvrb,st, | sobyssr, | in*perteg) | (n) "

sky lobby

roof level 54.80 73.1 46.97 78.28 271.9 174.0 0.070 0.060 0.330 4.047 4.0 79.2
roof level 55.81 74.4 46.51 77.52 2719 174.0 0.070 0.060 0.330 4.087 4.0 79.2
29 59.13 78.8 50.07 83.45 271.9 174.0 0.070 0.060 0.440 5.062 4.0 105.6
28 59.48 79.3 50.31 83.85 271.9 174.0 0.070 0.060 0.440 5.038 4.0 105.6
27 59.89 79.8 50.58 84.30 271.9 174.0 0.070 0.060 0.440 5.011 4.0 105.6
26 60.33 80.4 50.84 84.73 271.9 174.0 0.070 0.060 0.440 4.985 4.0 105.6
25 60.78 81.0 51.08 85.13 271.9 174.0 0.070 0.060 0.440 4.962 4.0 105.6
24 61.22 81.6 51.28 85.47 271.9 174.0 0.070 0.060 0.440 4.942 4.0 105.6
23 61.61 82.2 51.42 85.70 271.9 174.0 0.070 0.060 0.440 4.929 4.0 105.6
22 61.94 82.6 51.47 85.78 271.9 174.0 0.070 0.060 0.440 4.924 4.0 105.6
21 62.18 82.9 51.43 85.72 271.9 174.0 0.070 0.060 0.440 4.928 4.0 105.6
20 62.29 83.1 51.28 85.47 271.9 174.0 0.070 0.060 0.440 4.942 4.0 105.6
19 62.26 83.0 51.00 85.00 271.9 174.0 0.070 0.060 0.440 4.969 4.0 105.6
18 62.06 82.7 50.58 84.30 2719 174.0 0.070 0.060 0.440 5.011 4.0 105.6
17 61.66 82.2 50.00 83.33 271.9 174.0 0.070 0.060 0.440 5.069 4.0 105.6
16 61.02 81.4 49.26 82.10 271.9 174.0 0.070 0.060 0.440 5.145 4.0 105.6
15 60.15 80.2 48.34 80.57 271.9 174.0 0.070 0.060 0.440 5.243 4.0 105.6
14 59.01 78.7 47.25 78.75 271.9 174.0 0.070 0.060 0.440 5.364 4.0 105.6
13 63.76 85.0 49.95 83.25 313.9 200.9 0.080 0.060 0.440 4.968 4.0 105.6
12 63.02 84.0 49.19 81.98 313.9 200.9 0.080 0.060 0.440 5.027 4.0 105.6
11 61.37 81.8 47.85 79.75 313.9 200.9 0.080 0.060 0.440 5.162 4.0 105.6
10 59.45 79.3 46.35 77.25 313.9 200.9 0.080 0.060 0.440 5.329 4.0 105.6
9 57.21 76.3 44.67 74.45 313.9 200.9 0.080 0.060 0.330 4.153 4.0 79.2
8 54.41 72.6 42.67 71.12 313.9 200.9 0.080 0.060 0.330 4.367 4.0 79.2
7 53.35 71.1 43.05 71.75 313.9 200.9 0.080 0.060 0.330 4.415 4.0 79.2
6 45.97 61.3 37.22 62.03 313.9 200.9 0.080 0.060 0.330 5.107 4.0 79.2
5 42.38 56.5 34.96 58.27 313.9 200.9 0.080 0.060 0.330 5.437 4.0 79.2
4 38.43 51.2 32.56 54.27 313.9 200.9 0.080 0.060 0.330 5.838 4.0 79.2
3 34.05 45.4 29.98 49.97 313.9 200.9 0.080 0.060 0.330 6.340 4.0 79.2
2 29.24 39.0 27.39 45.65 313.9 200.9 0.080 0.060 0.330 6.940 4.0 79.2

Table 26 — Stirrup Reinforcement for CB1
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Shear Reinforcement (stirrups)
Wind Seismic
V, < A min (in) Preliminary A, | smac=
V< \ Sactual | Vsactual =
Level Max V, | Vs required 2 | Max Vy | Vsrequires 2 LOA._VF 8vf'b,d (#32bars, 0.11 | Af,d/V, i) | Afd/s (0
k] vk | )| Vi (k) (:; | W Jozsvib,s/f, | s0b,s/f, | i perleg) (in)
roof level 39.96 53.3 24.05 40.08 271.9 174.0 0.070 0.060 0.330 5.946 4.0 79.2
29 44.88 59.8 27.59 45.98 271.9 174.0 0.070 0.060 0.330 5.294 4.0 79.2
28 45.08 60.1 27.68 46.13 271.9 174.0 0.070 0.060 0.330 5.271 4.0 79.2
27 45.33 60.4 27.79 46.32 271.9 174.0 0.070 0.060 0.330 5.242 4.0 79.2
26 45.60 60.8 27.92 46.53 271.9 174.0 0.070 0.060 0.330 5.211 4.0 79.2
25 45.87 61.2 28.06 46.77 271.9 174.0 0.070 0.060 0.330 5.179 4.0 79.2
24 46.13 61.5 28.19 46.98 271.9 174.0 0.070 0.060 0.330 5.150 4.0 79.2
23 46.36 61.8 28.33 47.22 271.9 174.0 0.070 0.060 0.330 5.125 4.0 79.2
22 46.54 62.0 28.45 47.42 271.9 174.0 0.070 0.060 0.330 5.106 4.0 79.2
21 46.64 62.2 28.56 47.60 271.9 174.0 0.070 0.060 0.330 5.094 4.0 79.2
20 46.66 62.2 28.64 47.73 271.9 174.0 0.070 0.060 0.330 5.092 4.0 79.2
19 46.57 62.1 28.70 47.83 271.9 174.0 0.070 0.060 0.330 5.102 4.0 79.2
18 46.34 61.8 28.74 47.90 271.9 174.0 0.070 0.060 0.330 5.127 4.0 79.2
17 45.97 61.3 28.73 47.88 271.9 174.0 0.070 0.060 0.330 5.169 4.0 79.2
16 45.38 60.5 28.70 47.83 271.9 174.0 0.070 0.060 0.330 5.235 4.0 79.2
15 44.63 59.5 28.62 47.70 271.9 174.0 0.070 0.060 0.330 5.324 4.0 79.2
14 43.73 58.3 28.48 47.47 271.9 174.0 0.070 0.060 0.330 5.433 4.0 79.2
13 46.64 62.2 29.98 49.97 313.9 200.9 0.080 0.060 0.330 5.094 4.0 79.2
12 45.57 60.8 29.89 49.82 313.9 200.9 0.080 0.060 0.330 5.214 4.0 79.2
11 44.15 58.9 29.73 49.55 313.9 200.9 0.080 0.060 0.330 5.382 4.0 79.2
10 42.49 56.7 29.54 49.23 313.9 200.9 0.080 0.060 0.330 5.592 4.0 79.2
9 40.56 54.1 29.31 48.85 313.9 200.9 0.080 0.060 0.330 5.858 4.0 79.2
8 38.05 50.7 28.96 48.27 313.9 200.9 0.080 0.060 0.330 6.245 4.0 79.2
7 50.13 66.8 43.03 71.72 313.9 200.9 0.080 0.060 0.330 4.417 4.0 79.2
6 45.38 60.5 38.91 64.85 313.9 200.9 0.080 0.060 0.330 4.885 4.0 79.2
5 42.91 57.2 37.47 62.45 313.9 200.9 0.080 0.060 0.330 5.073 4.0 79.2
4 40.06 53.4 35.84 59.73 313.9 200.9 0.080 0.060 0.330 5.304 4.0 79.2
3 36.76 49.0 34.01 56.68 313.9 200.9 0.080 0.060 0.330 5.589 4.0 79.2
2 33.10 44.1 32.27 53.78 313.9 200.9 0.080 0.060 0.330 5.890 4.0 79.2

Table 27 — Stirrup Reinforcement for CB2
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Impact on Existing Foundation

The existing foundation consists of drilled piles, and the loads are transferred from the superstructure to the
foundation via pile caps or a mat slab. Most columns are supported by a pile cap, but a mat slab is used where
there are numerous columns and shear walls close together. For the existing design, there are both drilled
tension piles and drilled compression piles, with the following capacities.

= Tension pile (generally 18”¢ x 80’-0”)
0 Compression capacity = 200 tons
O Lateral capacity = 20 tons
0 Tension capacity = 40 tons

=  Compression pile (generally 18”¢ x 80’-0”)
0 Compression capacity = 200 tons
0 Lateral capacity = 20 tons

For the mat slab supporting the area below the new shear wall design, there were 23 tension piles and 147
compression piles in the original design. For this analysis, the impact on the existing foundation was analyzed
for lateral forces and overturning moments, because the focus of this structural analysis was on the lateral force
resisting system of the building. Using output from ETABS, the maximum shear forces and overturning moments
(based on the defined load combinations) were found at the base of the building. In table 28 below, the base
shear in the two I-shaped shear walls was found in each direction for all of the load cases. Then, the forces were
summed for each load case to find the base shear being transferred in the mat slab in each direction. Lastly, the
maximum shear force was converted to tons and number of required piles. Because both the compression and
tension piles have lateral capacity, the original design utilizes up to 170 piles to resist the base shear, which
exceeds the number of required piles based on this new shear wall design.

North-South Direction East-West Direction
Shear Force (k) in I-Shape Shear Force (k) in I-Shape
Shear Wall Total Shear Wall Total
Shear (k) Shear (k)
Web = SW5 Web = SW6 Web = SW5 Web = SW6
Wind Case 1a 0.4 0.4 0.8 1800.3 161.5 1961.8
Wind Case 1b 1492.9 1458.7 2951.6 155.7 148.3 304.0
Wind Case 2a 80.1 71.9 151.9 1356.6 115.9 1472.4
Wind Case 2b 827.0 1356.2 2183.1 93.3 90.6 183.9
Wind Case 3 1121.8 1092.4 2214.2 1233.6 232.5 1466.1
Wind Case 4 560.0 1070.9 1630.9 947.2 154.9 1102.0
Seismic - NS 3.5 6.2 9.7 860.3 71.8 932.1
Seismic - EW 251.8 288.9 540.7 38.9 37.0 75.9
Total Shear (tons) = 1475.8 Total Shear (tons) = 980.9
Required Piles = 73.8 Required Piles = 49.0

Table 28 — Number of Required Piles Based on Lateral Capacity
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Similarly, an analysis was done for the overturning moment at the base of the building. The existing design has
tension piles oriented to resist moments in the north-south direction, so ETABS output was used to find the N-S
overturning moment in each I-shaped pier for the various load combinations. The base moment was then
divided by the maximum length of the flange of the shear wall (25.75’) in order to find the tension force at the
extreme fiber of the wall. This tension force was then converted to tons and the corresponding number of piles.
It can be seen below in table 29 that the required number of piles based on this analysis is much larger than the
original design (23 tension piles).

Web = SW5 Web = SW6
Total
. . . Number of
Base . Tension . Tension Tension .
Tension Moment Tension Required
Moment Force (K) Force (k-Ft) Force (k) Force Force Piles
(k-ft) (tons) (tons) (tons)
Wind Case 1a 98949.1 3842.7 1921.3 83688.2 3250.0 1625.0 3546.4 88.7
Wind Case 1b 15767.9 612.3 306.2 17581.5 682.8 341.4 647.6 16.2
Wind Case 2a 74334.1 2886.8 1443.4 62585.1 2430.5 1215.2 2658.6 66.5
Wind Case 2b 11419.4 443.5 221.7 12427.9 482.6 241.3 463.1 11.6
Wind Case 3 62400.2 2423.3 1211.7 75966.0 2950.1 1475.1 2686.7 67.2
Wind Case 4 47171.5 1831.9 916.0 56244.5 2184.3 1092.1 2008.1 50.2
Seismic - NS 52404.2 2035.1 1017.6 44329.3 1721.5 860.8 1878.3 47.0
Seismic - EW 4200.3 163.1 81.6 4680.7 181.8 90.9 172.4 4.3

Table 29 — Number of Required Piles Based on Tension Capacity

The reason for the large amount of tension piles is because the ETABS model was only used for lateral loads, so
there is no inclusion of gravity loads to resist the building uplift. Therefore, to account for gravity loads, the
approximate dead loads for each floor (as found for the calculation of seismic base shear) were multiplied by the
area of the mat slab (100’ x 60’). The dead loads were summed (2600 k = 1300 tons), and converted to the
number of piles corresponding to a 40 ton capacity. It was found that the loads resisting uplift, due to the
weight of the building, accounted for about 33 piles. As a result, the number of tension piles required due to
wind load case 1a is reduced from 89 to 56. This number could possibly be reduced even more with a more
detailed analysis.

These foundation calculations were a preliminary and quick way to check the impact of the new shear wall
design on the existing foundation. Based on the analysis, the base shear forces of the new shear walls would
not affect the foundation. In fact, fewer piles are required to resist the base shear. As for the overturning
moments, the new shear wall design requires about 2.5 times the number of existing tension piles. However,
about 33 of the existing compression piles could be converted to tension piles to account for this difference in
overturning moments. Because the tension piles have the same compressive strengths as the compression
piles, this conversion would not alter the gravity system. However, it is likely that this would increase the
foundation cost.
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Architectural Breadth Study

In order for the new shear wall layout (fig. 16) to
be feasible, a few architectural changes had to be
made. For the new design, SW1, SW2, SW5, and
SW6 were on the same column lines as before, but
SW3 and SW4 shifted to the fagade of the building.
For a comparison to the existing design, figure 17
shows the original shear wall locations, which are
highlighted in teal. For SW3 and SW4 of the new
design, which are located at the building edge, the
walls are shorter than SW1 and SW2 to allow for
more window area. However, the new location
still eliminated one set of windows on the facade.

The change was deemed as acceptable because the

windows were primarily chosen for exterior
aesthetics. They extended the length of the
tower, but they were located in an electrical
room and a janitor room near the elevator
core. Therefore, they were not necessary to
the apartment tenants for views from the
interior. The renderings on the next page (fig.

18) give an exterior view of the building. The
image on the left is the original design, and
the image on the right shows the new fagade
without the windows at the elevator core.

Based on the small size of the windows, this
architectural re-design is reasonable for such a
large building. For aesthetic purposes, the
intent of the architect is not altered drastically
with the window elimination.

Windows to be removed

Figure 17 — Original Shear Wall Locations
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Figure 18 — Exterior Renderings of Original Building (left) and New Facade (right)
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Lastly, as a comparison between the original and the new shear wall design, a study was done for the areas of
the walls in plan view. At each level, the total area of the shear walls in square inches was calculated. Then,
these values were converted to percentages based on the square footages of each level. The results are
summarized in table 30 below. The new design reduced the area of shear walls for about 2/3 of the levels, and
the floor area gained can be found in the far right column. This reduction in shear wall area allows for more
floor space that can be occupied by tenants or utilized for other building functions (e.g. — mechanical or
electrical rooms). If the additional floor area would be used for apartment spaces, the building owner could
possibly benefit from an increase in rental rates for the tenants.

Original Shear Wall Design New Shear Wall Design Floor Area
Level Total Flozor Plan Areazof Percentage of | Plan Areazof Percentage of Gaingd in Nzew
Area (ft’) | Walls (in®) | Floor Area (%) | Walls (in%) Floor Area (%) Design (ft”)
:Ingltx 4740 30528 4.47 31104 4.56 4.0
roof level 13490 34020 1.75 31104 1.60 20.3
29 13490 34020 1.75 31104 1.60 20.3
28 13490 34020 1.75 31104 1.60 20.3
27 11060 34020 2.14 31104 1.95 20.3
26 11060 34020 2.14 31104 1.95 20.3
25 11060 34020 2.14 31104 1.95 20.3
24 11060 34020 2.14 31104 1.95 20.3
23 11060 34020 2.14 31104 1.95 20.3
22 11060 34020 2.14 31104 1.95 20.3
21 11060 34020 2.14 31104 1.95 20.3
20 11060 34020 2.14 31104 1.95 20.3
19 11060 34020 2.14 31104 1.95 20.3
18 11060 34020 2.14 31104 1.95 20.3
17 11060 34020 2.14 31104 1.95 20.3
16 11060 34020 2.14 35460 2.23 -10.0
15 11060 34020 2.14 35460 2.23 -10.0
14 11060 34020 2.14 35460 2.23 -10.0
13 11060 34020 2.14 39024 2.45 -34.8
12 11060 34020 2.14 39024 2.45 -34.8
11 11060 34020 2.14 39024 2.45 -34.8
10 11060 34020 2.14 39024 2.45 -34.8
9 11060 34020 2.14 39024 2.45 -34.8
8 11060 34020 2.14 39024 2.45 -34.8
7 23440 63594 1.88 58032 1.72 38.6
6 23440 63594 1.88 58032 1.72 38.6
5 23440 63594 1.88 58032 1.72 38.6
4 23440 63594 1.88 58032 1.72 38.6
3 23440 63594 1.88 58032 1.72 38.6
2 23440 70110 2.08 58032 1.72 83.9
Table 30 — Comparison of Shear Wall Areas for Original and New Design
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Construction Management Breadth Study

The main goal of the construction management breadth study was to compare the construction costs for the
original and new shear wall designs. Because the gravity system remained the same, the focus was the lateral
force resisting system. The source for the cost estimates was the 2009 edition of RS Means ‘Building
Construction Cost Data’. The primary expense category was the cast-in-place concrete, which included forms,
reinforcing steel, concrete, placing and finishing. Due to the limitations of the book, some costs had to be
extrapolated from the given data. The cost breakdown is shown below in tables 31 and 32.

Cost Breakdown for Cast-In-Place Concrete — Original Design
Volume of Material Labor Equipment Total Total Including
Level Reinforced O&P
Concrete (C.Y.) | $157.00/C.Y. | $75.00/C.Y. | $7.20/CY. | $239.20/CY. | $290.00/C.Y.
iz‘;f'cl’:fgl 88.3 13868.33 6625.00 636.00 21129.33 25616.67
roof level 78.8 12363.75 5906.25 567.00 18837.00 22837.50
29 78.8 12363.75 5906.25 567.00 18837.00 22837.50
28 78.8 12363.75 5906.25 567.00 18837.00 22837.50
27 78.8 12363.75 5906.25 567.00 18837.00 22837.50
26 78.8 12363.75 5906.25 567.00 18837.00 22837.50
25 78.8 12363.75 5906.25 567.00 18837.00 22837.50
24 78.8 12363.75 5906.25 567.00 18837.00 22837.50
23 78.8 12363.75 5906.25 567.00 18837.00 22837.50
22 78.8 12363.75 5906.25 567.00 18837.00 22837.50
21 78.8 12363.75 5906.25 567.00 18837.00 22837.50
20 78.8 12363.75 5906.25 567.00 18837.00 22837.50
19 78.8 12363.75 5906.25 567.00 18837.00 22837.50
18 78.8 12363.75 5906.25 567.00 18837.00 22837.50
17 78.8 12363.75 5906.25 567.00 18837.00 22837.50
16 78.8 12363.75 5906.25 567.00 18837.00 22837.50
15 78.8 12363.75 5906.25 567.00 18837.00 22837.50
14 78.8 12363.75 5906.25 567.00 18837.00 22837.50
13 78.8 12363.75 5906.25 567.00 18837.00 22837.50
12 78.8 12363.75 5906.25 567.00 18837.00 22837.50
11 78.8 12363.75 5906.25 567.00 18837.00 22837.50
10 78.8 12363.75 5906.25 567.00 18837.00 22837.50
9 78.8 12363.75 5906.25 567.00 18837.00 22837.50
8 87.5 13737.50 6562.50 630.00 20930.00 25375.00
7 204.5 32099.59 15334.20 1472.08 48905.88 59292.25
6 136.3 21398.87 10222.39 981.35 32602.62 39526.58
5 136.3 21398.87 10222.39 981.35 32602.62 39526.58
4 136.3 21398.87 10222.39 981.35 32602.62 39526.58
3 136.3 21398.87 10222.39 981.35 32602.62 39526.58
2 195.3 30669.18 14650.88 1406.48 46726.54 56650.07
Estimated Cost of Shear Walls ($) = | 827465.31 |

Table 31 — Shear Wall Cost Estimate for Original Design
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Cost Breakdown for Cast-In-Place Concrete - New Design
Volume of , - Total
Level Reinforced Material Labor Equipment Total Including O&P
Concrete (C.Y.) | $157.00/C.Y. | $75.00/C.Y. $7.20/C.Y. | $239.20/C.Y. | $290.00/C.Y.
fg‘é;i’:\f’g’l 90.0 14130.00 6750.00 648.00 21528.00 26100.00
roof level 72.0 11304.00 5400.00 518.40 17222.40 20880.00
29 72.0 11304.00 5400.00 518.40 17222.40 20880.00
28 72.0 11304.00 5400.00 518.40 17222.40 20880.00
27 72.0 11304.00 5400.00 518.40 17222.40 20880.00
26 72.0 11304.00 5400.00 518.40 17222.40 20880.00
25 72.0 11304.00 5400.00 518.40 17222.40 20880.00
24 72.0 11304.00 5400.00 518.40 17222.40 20880.00
23 72.0 11304.00 5400.00 518.40 17222.40 20880.00
22 72.0 11304.00 5400.00 518.40 17222.40 20880.00
21 72.0 11304.00 5400.00 518.40 17222.40 20880.00
20 72.0 11304.00 5400.00 518.40 17222.40 20880.00
19 72.0 11304.00 5400.00 518.40 17222.40 20880.00
18 72.0 11304.00 5400.00 518.40 17222.40 20880.00
17 72.0 11304.00 5400.00 518.40 17222.40 20880.00
16 82.1 12887.08 6156.25 591.00 19634.33 23804.17
15 82.1 12887.08 6156.25 591.00 19634.33 23804.17
14 82.1 12887.08 6156.25 591.00 19634.33 23804.17
13 90.3 14182.33 6775.00 650.40 21607.73 26196.67
12 90.3 14182.33 6775.00 650.40 21607.73 26196.67
11 90.3 14182.33 6775.00 650.40 21607.73 26196.67
10 90.3 14182.33 6775.00 650.40 21607.73 26196.67
9 90.3 14182.33 6775.00 650.40 21607.73 26196.67
8 100.4 15758.15 7527.78 722.67 24008.59 29107.41
7 186.6 29292.13 13993.06 1343.33 44628.52 54106.48
6 124.4 19527.31 9328.33 895.52 29751.16 36069.54
5 124.4 19527.31 9328.33 895.52 29751.16 36069.54
4 124.4 19527.31 9328.33 895.52 29751.16 36069.54
3 124.4 19527.31 9328.33 895.52 29751.16 36069.54
2 161.7 25385.73 12126.94 1164.19 38676.86 46890.84

Estimated Cost of Shear Walls (S) = 795198.74

Table 32 — Shear Wall Cost Estimate for New Design

Based on the cost analysis, the estimated cost of the shear walls decreased for the new design. The difference
in cost was about $32,300, which was a 4% difference. As for the construction schedule, no information was
available as a resource for the project. However, it is probable that the new shear wall design would help to
tighten the schedule, especially if the shear wall erection is on the critical path. The simpler wall layout means
that less formwork is necessary for the wall construction. If the shear walls are one of the critical erection tasks,
then it is possible that a few days would be saved for each floor. On the other hand, if the shear walls are not on
the critical path, then at the very least, the new design should not lengthen the schedule.
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Conclusions and Acknowledgements

After studying Aquablue at the Golden Mile for this senior thesis project, it can be determined that the initial
goals were met. A detailed lateral analysis was conducted, and some valuable design experience was gained.
The concrete building code, ACI 318-08, became a much more familiar resource, and ETABS became a valuable
design tool. In looking back over the course of the academic year, the project goals were accomplished.

Based on this analysis, the shear wall re-design for Aquablue at the Golden Mile was a success. The new design
was feasible, and the new shear walls did not drastically alter the architecture. Even some usable floor area was
gained. Also, the preliminary cost analysis showed a savings for the construction of the shear walls. In
summary, this design could be an appropriate alternative to the existing lateral force resisting system.

If given more time for further study, a dynamic analysis of the structure would prove to be valuable. In fact, it
was recently discovered (due to other Spring 2009 coursework) that the building has a classification of vertical
irregularity type 2 due to the significant change in floor weight at the transition between the parking garage and
the apartment towers (ASCE 7-05). Therefore, the equivalent lateral force procedure was not permitted for this
building. Instead, a modal response spectrum analysis was required. This more detailed design approach could
be the next step in studying Aquablue at the Golden Mile.
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patience and support throughout the year.
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= Architectural Engineering Peers

=  Family and Friends

Revised Final Report — 22 April 2009 |55



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- AE Senior Thesis 2008-2009 -

- Structural Option -

‘ Appendix — Shear Wall Reinforcement

The following tables summarize the shear wall reinforcement for SW2 through SW6. A description of the design

process, as well as the SW1 reinforcement, can be found in the ‘Shear Wall Reinforcement’ section of the report.

ZM\S 10} 1usWwadlojulay Adeulwl@id — TV 9|qel

SYYIT #700°0 €IY°0 8T | @ s#(2) 9vE0 21000 72000 790 o | @s#(2) 9/50 02000 8'€SS 6791 z
L'OLET ¥100°0 €TI0 8T | @ S#(2) 9vE0 71000 72000 790 | ©s#(2) 9.50 02000 €'€99 6619 €
L'OLET ¥700°0 €TI0 8T | @s#(2) 9ve0 71000 72000 290 | @s#(2) 9/5°0 02000 €'€99 0TIl ¥
L'OLET ¥100°0 €IV'0 8T | @ s#(2) 9vE0 71000 72000 790 | @s#(2) 9.50 02000 €€99 S19C S
L'OLET ¥100°0 €TI0 8T | @ S#(2) 9vE0 71000 72000 790 | ©s#(2) 9.50 02000 €'€99 ¥ 443 9
L'OLET ¥700°0 €TI0 8T | @s#(2) 9ve0 71000 72000 290 | @s#(2) 9/5°0 02000 €'€99 6€91 L
€795T 62000 LT8°0 6 ® S#(2) 0zL'0 52000 62000 €8°0 6 | ®s#(2) 0zL'0 52000 €€99 8'0EL 8
L'OLET ¥100°0 €IV'0 8T | @ S#(2) 9vE0 71000 72000 790 | ©s#(2) 9.5°0 02000 £'€99 L8y 6
L'OLET ¥700°0 €IY°0 8T | @ s#(2) 9vE0 71000 72000 290 et | @s#(2) 9L5°0 02000 £'€99 LT6€ ot
L'OLET ¥100°0 €IV'0 8T | ®s#(2) 9vE0 71000 72000 790 | @s#(2) 9/50 02000 €'€99 [ 1T
L'OLET ¥700°0 €TI0 8T | @ s#(2) 9vE0 21000 22000 790 | @s#(2) 9/5°0 02000 €'€99 T'8€€ 43
L'OLET ¥700°0 €IY°0 8T | @ s#(2) 9vE0 21000 72000 790 | @s#(2) 9L5°0 02000 €'€99 7'6E€ €1
LT60T 61000 33 740] 8T | ®s#(2) 65C°0 71000 62000 790 | @s#(2) 4340} 02000 8'0€Y L'STE vT
L'T60T 61000 €TI0 8T | @s#(2) 65C°0 71000 62000 290 | @s#(2) 4340} 02000 80V 8967 ST
L'T60T 61000 €TI0 8T | @ s#(2) 65C°0 71000 62000 290 ot | @s#(2) [4320] 02000 80t SvLT 9T
L'T60T 61000 €TI0 8T | @ S#(2) 6520 71000 62000 790 | ©s#(2) [43740) 02000 8'0€Y T6LT LT
L'T60T 61000 €TI0 8T | @s#(2) 65C°0 71000 62000 790 | @s#(2) [4340] 02000 80V 5897 81T
L'T60T 61000 €TI0 8T | ®s#(2) 65C°0 71000 62000 290 ot | @s#(2) [4340] 02000 80V L'SST 61
L1601 61000 €T¥'0 8T | @ S#(2) 6520 71000 62000 790 | ©s#(2) [43740) 02000 8'0€Y 9'Tre 014
L'T60T 61000 €TI0 8T | @ s#(2) 65C°0 21000 62000 90 | @s#(2) [4340] 02000 80V '8 1z
LT60T 61000 €IV'0 8T | @ s#(2) 65C°0 71000 62000 790 | @s#(2) 4340} 02000 8'0€Y 0°€12 44
L'T60T 61000 €TI0 8T | @ S#(2) 6520 71000 62000 790 | ©s#(2) 4340} 02000 8'0€Y €961 €7
L'T60T 61000 €IY°0 8T | @ s#(2) 65C°0 21000 62000 790 | @s#(2) [4320] 02000 80t €8LT |
LT60T 61000 €IV'0 8T | ®s#(2) 65C°0 71000 62000 790 | @s#(2) 4340} 02000 8'0EY T6ST 14
L'160T 61000 €TI0 8T | @ S#(2) 6520 71000 62000 790 | ©s#(2) [43740] 02000 8'0€Y L8ET 97|
L'T60T 61000 €IY°0 8T | @ s#(2) 65C°0 21000 62000 790 | @s#(2) [4340] 02000 80t 9911 L2
LT60T 61000 €IV'0 8T | ®s#(2) 65C°0 71000 62000 790 | @s#(2) 4340} 02000 8'0€Y 0€6 8¢
L'T60T 61000 €TI0 8T | @ s#(2) 65C°0 21000 62000 790 | @s#(2) 4340} 02000 80V 19 6C
L'T60T 61000 €IY°0 8T | @ s#(2) 65C°0 21000 62000 790 | @s#(2) 4340} 02000 80V 0Lt [9A9] Joou
L'T60T 61000 €IY°0 8T | @ s#(2) 65C°0 21000 62000 790 | @s#(2) 4340} 02000 8'0€Y T€T 1913
Joos Aqqoj Ays
e [ 90 | oo | s | 7 | [l s | snn | e |
g .. ! o S ! = (1) Ay wouy) 404 [2A
>u_umM\M hm_mwzm JUBWI04UIBY (|ed1HBA) [eulpniBuoT] JUBW0I04UIRY (|BIUOZIIOY) BSIASURL | Jedys Jlwslas
JINISIAS

2009 |56

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

ZMS 10} JUBWD2IOUIRY [eUld — 7V 3|qel

7€00°0 0€6°0 8 @ st (2) 6200'0 62000 ¥'V0ET £78°0 6 © S# (2) SYYTT 8'6£9 1988 9071 z
7€00°0 0€6'0 8 @ st (2) 62000 62000 €'79ST £78°0 6 © S# (2) L'OLET €99/ €7190T L'LT6 €
7€00°0 0€6°0 8 ® S# (2) 6200°0 62000 €79ST £78°0 6 © S# (2) L'OLET €99/ €190T 9'8L€ v
7€00°0 0€6'0 8 ® S# (2) 6200°0 62000 €79ST £78°0 6 © S# (2) L'OLET €99/ €190T 9'8€9 3
7€00°0 0€6'0 8 ® S# (2) 62000 62000 €'795T £78°0 6 © S# (2) L'OLET €99/ €190T S'EEL 9
7€00°0 0€6°0 8 ® st (2) 6200°0 62000 €79ST £78°0 6 © S# (2) L'0LET €99/ €7190T 7888 L
7€00°0 0€6°0 8 @ st (2) 62000 62000 €'79ST £78°0 6 © S# (2) €'79ST 8'TZ0T €7190T 0'v97T 8
7€00°0 0€6'0 8 ® S# (2) 6200°0 62000 €79ST £78°0 6 © S# (2) L'OLET €99/ €190T eS8 6
7€00°0 0€6'0 8 ® S# (2) 6200°0 62000 €79ST £78°0 6 © S# (2) L'OLET €99/ €7190T 0169 o1
7€00°0 0€6'0 8 ® S# (2) 62000 62000 €'795T £78°0 6 © S# (2) L'OLET €99/ €190T 8'v19 T
7€00°0 0€6°0 8 ® st (2) 6200°0 62000 €79ST £78°0 6 © S# (2) L'0LET €99/ €7190T 5699 zt
7€00°0 0€6°0 8 @ st (2) 62000 62000 €'79ST £78°0 6 © S# (2) L'OLET €99/ €7190T 1°7SS €1
¥€00°0 vL0 0T ® S# (2) 62000 62000 L'T60T 0790 T | @s#(2) L'T60T €99/ €689 0'S6Y 1
¥€00°0 vL0 0T ® S# (2) 62000 62000 L'T60T 0790 T | @s#(2) L'T60T €99/ €689 g[St ST
¥€00°0 L0 0T ® S# (2) 62000 62000 1’1601 0790 T | @S#(2) L'T60T €99/ £'689 8'STY 9T
¥€00°0 vvL0 0T ® st (2) 6200°0 62000 L'T60T 0290 1 | @s#(2) £'T60T €99/ €689 6701 1
¥€00°0 vL0 0T @ st (2) 62000 62000 £'T60T 0790 1 | @s#(2) L'T60T €99/ €689 €LLE 81
¥€00°0 vL0 0T ® S# (2) 62000 62000 L'T60T 0790 T | @s#(2) L'T60T €99/ €689 16V 61
¥€00°0 vL0 0T ® S# (2) 62000 62000 L'T60T 0790 T | @s#(2) L'T60T €99/ €689 T12E 0z
¥€00°0 vvL0 0T ® S# (2) 62000 62000 1’1601 0790 T | @S#(2) L'T60T €99/ £'689 €'€6C 1z
¥€00°0 vvL0 0T ® st (2) 62000 62000 L'T60T 0290 1 | @s#(2) £'T60T €99/ €689 1°59¢C w
¥€00°0 vL0 0T @ st (2) 62000 62000 £'T60T 0290 1 | @s#(2) L'T60T €99/ €689 v'LET £z
¥€00°0 vL0 0T ® S# (2) 62000 62000 L'T60T 0790 T | @s#(2) L'T60T €99/ €689 6'80¢ vz
¥€00°0 vL0 0T ® S# (2) 62000 62000 L'T60T 0790 T | @s#(2) L'T60T €99/ €689 8'6L1 sz
¥€00°0 L0 0T ® S# (2) 62000 62000 1’1601 0790 T | @S#(2) L'T60T €99/ £'689 S'0ST 9z
¥€00°0 vvL0 0T ® st (2) 6200°0 62000 L'T60T 0290 1 | @s#(2) £'T60T €99/ €689 01eT Lz
¥€00°0 vL'0 0T @ st (2) 62000 62000 £'T60T 0290 | @s#(2) L'T60T €99/ €689 v'16 8z
¥€00°0 vL0 0T @ S# (2) 62000 62000 L'T60T 0790 T | @s#(2) L'T60T €99/ €689 09 67
¥€00°0 vL0 0T ® S# (2) 62000 62000 L'T60T 0790 T | @s#(2) L'T60T €99/ €689 8'LE [9A3] 4001
v£00'0 w0 | or | @s#(@) | 62000 62000 L1601 090 | 21 | @s#(@) | cTeor | €99r | €689 8T {001 Aqqor o
9 (14/,u) 1%y Supoeds pue 'd paJinbay o c_w?tae (/) ¥y 8upeds pue  [(3) Am\::ie (1) m\_wéf o) DNz () NA “(sav13
Jeqay palipoN wnwiuin ="“Ad MIN Jeqay PSIPON ="‘NnO ="A , wo.y) 92404 [onaT
= A 183y puim

1UDWIA2J0UIDY (|ed1149A) |euipn}SuoT

1UBWSDJ04UIRY (|PIUOZIIOY) SSIDASURL |

aNim

2009 |57

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

€/\S J0} JUsWadIouIdY AdeulwiRid — €V d|qel

8'8€9 61000 €TI0 8T @ S# (2) 657°0 71000 72000 L¥0 9T | @s#(2) TEV0 02000 T'60€ TLS z
8'8€9 61000 f3840] 8T @ s# (2) 652°0 71000 72000 170 9T | @ s#(2) [4340] 02000 T°60€ 7’881 €
8'8€9 61000 €T7°0 8T @ S#(2) 6520 21000 22000 L¥'0 9T @ S#(2) [43740] 02000 1'60€ T9ET 4
8'8€9 6100°0 3840 8T @ st (2) 652°0 71000 72000 170 9T | @ s#(2) [4340] 02000 T°60€ €11 S
8'8€9 6100°0 f3840] 8T @ s# (2) 652°0 21000 72000 L¥'0 9T | @s#(2) [4340] 02000 1'60€ 6Tl 9
1°8TL 62000 0790 45 @ S# (2) 0vs0 S200°0 62000 290 T | @s#(2) 0vs0 S200°0 T'60€ T'LTE L
8'8€9 61000 f3840] 8T @ s# (2) 652°0 71000 72000 L¥'0 9T | @ s#(2) [4340] 02000 T°60€ 9Ty 8
8'8€9 6T00°0 €T7°0 8T @ S#(2) 6520 21000 22000 L¥'0 9T @ S#(2) [43740] 02000 1'60€ 9'6€ 6
8'8€9 61000 €TI0 8T @ S# (2) 6570 71000 72000 L¥0 9T | @s#(2) TEV'0 02000 T'60€ 8ty ()8
8'8€9 6100°0 f3840] 8T @ s#(2) 652°0 21000 72000 L¥'0 9T | @s#(2) [4340] 02000 T'60€ 6'7r jas
8'8€9 61000 €TI0 8T @ S# (2) 657°0 71000 72000 L¥0 9T | @s#(2) TEV'0 02000 T'60€ sov 43
8'8€9 61000 f3840] 8T @ s# (2) 652°0 71000 72000 170 9T | @ s#(2) [4340] 02000 T'60€ S°0€ €T
1685 6T00°0 €T7°0 8T @ S#(2) 6520 21000 22000 L¥'0 9T @ S#(2) V0 02000 £'19T S99 148
1°68S 61000 €TY°0 8T @ S# (2) 6570 71000 72000 L¥0 9T | @s#(2) 4340} 02000 £°19T 0'6Y ST
1'685 6100°0 f3840) 8T @ s#(2) 65°0 21000 72000 L¥'0 9T | @s#(2) [4340] 02000 YAA:14 v'vs 9T
1°68S 61000 €TI0 8T @ s# (2) 6520 71000 72000 L¥0 9T | @s#(2) TEV0 02000 YAVA:14 v LT
1'685 61000 f3840) 8T @ s# (2) 652°0 71000 72000 L¥'0 9T | @ s#(2) [4340] 02000 L°19T Ly 81
1685 6T00°0 €T7°0 8T @ S#(2) 6520 21000 22000 L¥'0 9T @ S#(2) EV'0 02000 £'19T 9Ty 6T
1°68S 61000 €TI0 8T @ S# (2) 6520 71000 72000 L¥0 9T | @s#(2) TEV0 02000 £°19T €0r (114
1'68S 6100°0 f3840] 8T @ s# (2) 6520 21000 72000 L¥'0 9T | @s#(2) [4340] 02000 YAVA:14 L'8E 1T
1685 6T00°0 €T7°0 8T @ S#(2) 6520 21000 22000 L¥'0 9T @ S#(2) [43740] 02000 £'19T 69€ [44
1'685 61000 €170 8T @ s# (2) 652°0 71000 72000 170 9T | @ s#(2) [4340] 02000 L°19T 0's€ €
1685 6T00°0 €T7°0 8T @ S#(2) 6520 21000 22000 L¥'0 9T @ S#(2) [43740] 02000 £'19T o€ 144
1°68S 61000 €TY°0 8T @ S# (2) 6570 71000 72000 L¥0 9T | @s#(2) TEV0 02000 £°19T 80 Y4
1°685 6100°0 f3840] 8T @ s#(2) 652°0 21000 72000 L¥'0 9T | @s#(2) [4340] 02000 YAA:14 '8¢ 9z
1685 6T00°0 €T7°0 8T @ S#(2) 6520 21000 72000 L¥'0 9T @ S#(2) [43740] 02000 £'19T 8'ST V4
1685 61000 f3840) 8T @ s# (2) 652°0 71000 72000 L¥'0 9T | @ s#(2) [4340] 02000 L4192 6'CC 8¢
1685 6T00°0 €T7°0 8T @ S#(2) 6520 21000 22000 L¥'0 9T @ S#(2) V0 02000 £'19T 86T 6C
1°68S 61000 €TI0 8T @ S# (2) 6570 71000 72000 L¥0 9T | @s#(2) TEV0 02000 L'19t T'6T 193] o0l
(59 +24me0r°v0| 19 emoy . (13/,u1) Supeds pue . (w/,u) Id paJinbay - ; (/,u) Supeds pue . (13/,u1) 'd paJinbay ) "A “(sav.La
= upd ‘() Iy |enjoy | Jeqay Aeutwiaad | Sy padinbay wnwiulin Sy [enpy | Jeqay Aeuiwijpud | Sy pasinbay wnwiuiin (1) dAy°y wouy) 32104 jona
Aoede) Jeays 1eays J1wsIas
JUSW2.0JuIBY (|eanaA) [euipniisuol 1USW2J0JUIRY (|eIU0ZII0Y) 3SIaASURL ]
JINSIAS

2009 |58

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

€S 10} JUBWBdIO4UIRY (Ul — Y d|qeL

62000 0290 4 @ S# (2) 87000 62000 182, 0290 4 ® S#(2) 8'8€9 T°LSE 9'v6¥ LTTe 4
62000 0290 4 ® S#(2) 62000 62000 1'8¢L 0790 49 © s#(2) 8'8€9 T°LSE 9'v6v L'T6€ €
6200°0 0290 4 @ S#(2) 6200°0 6200°0 182, 0z9°0 49 @ S#(2) 8'8€9 T'LSE 9'v6Y 098¢ 14
62000 0290 4 @ s# (2) 62000 62000 182, 0290 45 ® S#(2) 8'8€9 T'LSE 9'v6¥ €81 S
62000 0790 45 @ S# (2) 62000 62000 182, 0290 45 ® S#(2) 8'8€9 T°LSE 9'v6Y §L92 9
6200°0 0290 4 @ S#(2) 8200°0 6200°0 182, 0790 49 @ S# (2) 1'8¢L Ly 9'v6Y €'€65 L
62000 0290 (49 ® S#(2) 8200°0 6200°0 182, 0290 4 ® S#(2) 8'8€9 T'LSE 9'v6v T°0€€ 8
62000 0290 4 @ s# (2) 62000 62000 182, 0290 4 ® S#(2) 8'8€9 T°LSE 9'v6¥ (414 6
62000 0290 45 @ S#(2) 6200°0 6200°0 182, 0290 49 @ S#(2) 8'8€9 T'LSE 9'v6¥ 8'LLT ot
62000 0290 [49 ® S#(2) 6200°0 6200°0 182, 0290 4 ® S#(2) 8'8€9 T'LS€ 9'v6v €45T 1T
62000 0290 4 @ s# (2) 62000 6200°0 182, 0290 4 ® S#(2) 8'8€9 T°LSE 9'v6¥ o'ert 49
62000 0790 4 @ S# (2) 62000 62000 182, 0290 45 ® S#(2) 8'8€9 T°LSE 9'v6Y 9'0¢T €T
62000 0290 45 @ S#(2) 6200°0 6200°0 ¥'8L9 0z9°0 4 @ S#(2) 1685 T'LSE €8eY 89T vT
62000 0290 4 @ S# (2) 62000 62000 ¥'8L9 0290 4 ® S#(2) 1685 T°LSE €8ty T8ET ST
62000 0790 45 @ s# (2) 62000 62000 ¥'8L9 0290 45 ® S#(2) 1685 T°LSE €8ty €T 9T
62000 0290 4 @ S#(2) 6200°0 6200°0 ¥'8L9 0z9°0 4 @ S#(2) 1685 T'LSE £8eY 8'GST LT
62000 0290 (49 ® S#(2) 6200°0 62000 ¥'8L9 0290 (4 ® S#(2) 1685 T'LSE [oR:147 0'6€T 8T
6200°0 0290 4 @ s# (2) 62000 62000 ¥'8L9 0290 4 ® S#(2) 1685 T°LSE €8ty 6Tt 61
6200°0 0290 4 @ S#(2) 6200°0 6200°0 ¥'8L9 0290 45 @ S#(2) 1685 T°LSE [o:147 €T (014
62000 0290 [49 ® S#(2) 6200°0 62000 ¥'8L9 0290 (4 ® S#(2) 1685 T'LS€ [og:147 9911 1C
6200°0 0290 4 @ S# (2) 62000 62000 ¥'8L9 0290 45 ® S#(2) 1685 T°LSE €8ty 0TIl (44
62000 0z9°0 (43 ® S#(2) 62000 62000 ¥'8L9 0290 45 © s# (2) 1685 T°LSE £8TY §'S0T €¢C
62000 0290 45 @ S#(2) 6200°0 6200°0 ¥'8L9 0790 4 ® S#(2) 1685 T'LSE 744 9'66 vz
62000 0290 4 @ s# (2) 62000 62000 ¥'8L9 0290 4 ® S#(2) 1685 T°LSE €8ty v'€6 14
62000 0790 45 @ S#(2) 62000 62000 ¥'8L9 0290 45 ® S#(2) 1685 T°LSE €8ty L8 9
62000 0290 4 ® S#(2) 6200°0 6200°0 ¥'8L9 0290 4 ® S#(2) 1685 T'LSE 744 018 LT
62000 0290 (49 ® S#(2) 6200°0 6200°0 ¥'8L9 0290 4 ® S#(2) 1685 T'LSE €'8TY 6L 8¢
62000 0290 4 @ s# (2) 62000 62000 ¥'8L9 0290 45 ® S#(2) 1685 T°LSE €8ty ¥'99 67
62000 0290 45 @ S#(2) 6200°0 6200°0 ¥'8L9 0790 4 @ S#(2) 1685 T'LSE 744 979 [9A3] 004
» (/) Supeds 'd pasinbay ' C::Am>+u>zv (/) ¥y Supeds (1) AN/+Q>KV 0057859 = A i o nc (1) NA “(sav13
pue Jeqay palyIipoN wnwiuin ="Ad MIN pue Jeqay payIpoN ="Ad ! wouy) 32404 jona
= Jeays puim

1UBW2J0JUISY (|e21143A) |eulpnuSuo]

JUSWIDDIO4UIRY (|eIUOZIIOY) SSIASURI ]

aNIM

2009 |59

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

PMS J0J JusWadJojuIay Aleuiwiaid — Sy 9|gel

8'8€9 61000 €TY0 8T @ S# (2) 6570 71000 72000 LY 9T | @s#(2) 43400 02000 T°60€ LSS z
8'8€9 61000 €IY°0 8T @ S#(2) 6SC°0 71000 27000 LY'0 9T @ S#(2) [43740] 02000 1°60€ 8'¢6T €
8'8€9 61000 €170 8T @ S# (2) 6520 71000 7200°0 LY'0 9T | @s#(2) 43400 02000 T'60€ STrT ¥
8'8€9 61000 38400 8T @ St (2) 6520 71000 72000 Ly 9T | @s#(2) 43400 02000 T'60€ 8Ll S
8'8€9 61000 €TY0 8T @ st (2) 6570 71000 72000 L¥'0 9T | @s#(2) 43400 02000 T°60€ 9°6vT 9
182, 62000 0790 [4 @ S#(2) 0vso S200°0 62000 790 4 @ S#(2) 0vs'o S200°0 1°60€ 9'0€€ L
8'8€9 61000 €TV 8T @ S#(2) 652°0 71000 72000 LY'0 9T | @s#(2) 43400 02000 T'60€ STV |
8'8€9 61000 38400 8T @ st (2) 65C°0 71000 72000 L¥'0 9T | @s#(2) 43400 02000 T°60€ 059 6
8'8€9 61000 €TY0 8T @ st (2) 6570 71000 72000 L¥'0 9T | @s#(2) 43400 02000 T°60€ 195 ot
8'8€9 61000 €TY°0 8T @ S#(2) 6SC°0 71000 27000 LY'0 9T @ S#(2) [43740] 02000 1°60€ (44 1T
8'8€9 6100°0 €TY'0 8T @ S#(2) 652°0 71000 7200°0 LYo 9T | @s#(2) 43400 02000 T'60€ a4 43
8'8€9 61000 38400 8T @ St (2) 6520 21000 72000 Ly 9T | @s#(2) 43400 02000 T°60€ 097 €1
1°68S 61000 €TY0 8T @ st (2) 6570 71000 72000 LY 9T | @s#(2) 43400 02000 JAA:14 €9y vT
1°68S 61000 €TY°0 8T @ S# (2) 6570 71000 72000 L¥'0 9T | @s#(2) 43400 02000 £°49T 0°SS ST
1689 61000 €IY°0 8T @ S#(2) 6SC°0 71000 22000 LY'0 9T @ S#(2) [43740] 02000 LL9T €65 9T
1°68S 6100°0 €170 8T @ S#(2) 6520 71000 72000 LY'0 9T | @s#(2) 43400 02000 L°19T 8 JAs
1°685 61000 38400 8T @ St (2) 6520 71000 72000 L¥'0 9T | @s#(2) 43400 02000 L4192 oSy 8T
1°68S 61000 €TY0 8T @ St (2) 6570 71000 72000 LY 9T | @s#(2) 43400 02000 £°49T X317 6T
1689 61000 €IY°0 8T @ S#(2) 6SC°0 71000 27000 LY'0 9T @ S#(2) [43740] 02000 L19T T 0?|
1°685 6100°0 €TY'0 8T @ S#(2) 6520 71000 72000 LY'0 9T | @s#(2) 43400 02000 L°19T 10V 124
1°685 61000 38400 8T @ Ss# (2) 6520 21000 72000 Ly 9T | @s#(2) 43400 02000 L1492 08¢ 44
1°68S 61000 38400 8T @ St (2) 6570 71000 72000 L¥'0 9T | @s#(2) 43400 02000 L°19T 8'GE €
1689 61000 €TY°0 8T @ S#(2) 6SC°0 71000 72000 LY'0 9T @ S#(2) [43740] 02000 LL9 S€EE 74
1°685 6100°0 ETV'0 8T @ S#(2) 652°0 71000 7200°0 Ly'0 9T | @s#(2) 4340} 02000 L°19T 0'T€ 14
1°685 61000 ETY°0 8T @ S# (2) 6520 71000 72000 Ly 9T | @s#(2) 43400 02000 L4192 S8 9z
1°68S 61000 €TY0 8T @ s# (2) 6570 71000 72000 LY 9T | @s#(2) 43400 02000 L°49T L'ST V4
1689 61000 €IY°0 8T @ S#(2) 6SC°0 71000 22000 LY'0 9T @ S#(2) [43740] 02000 LL9 0'€C 87|
1°685 6100°0 €IV 8T @ S#(2) 652°0 71000 72000 LY'0 9T | @s#(2) 4340} 02000 L°19T 8'6T 67
1°685 61000 38400 8T @ St (2) 6520 71000 72000 L¥'0 9T | @s#(2) 43400 02000 L1492 6T [2A3] Joou
(pd + 10 jenoy _‘ME\Nc: Supeds pue . (u/,0) Id pasinbay 10 enoy ‘wE\Nc: Supeds pue . (4/,u) 'd paJinbay ) "A “(sav.L3

2 INCD) Py = UAD v [en1oY Jeqay AJeurwipid Iy pasinbay wnwiuln YSy |lenyy | Jeqay Ateuiwipld | YSy pasinbay winwiulA ()2 IA°Y wouy) 32104 jona

‘(%) Awoede) seays 1Bays J1WsIas

JUBWDJO4UIRY (|E2113A) [eulpnySuoT 1UBWI2J0JUIRY (|eIUOZIIOY) BSIDASURL |
JINISIAS

2009 | 60

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

¥MS 10} JUsWdI04UIRY [BUI] — 9V d|qe]

62000 0290 4 @ S#(2) 82000 62000 182, 0290 4 @ S# (2) 8'8€9 T'LSE 9'v6¥ €LET 14
62000 0290 4 @ S# (2) 62000 62000 182, 0790 4 @ S# (2) 8'8€9 T'LSE 9'v6¥ 120 €
6200°0 0290 4 ® S# (2) 62000 6200°0 187, 02790 4" @ S#(2) 8'8€9 T'LS€ 9'v6v v'S6C i
62000 0290 4 ® S# (2) 62000 6200°0 187, 0290 4 @ S#(2) 8'8€9 T'LS€ 9'v6Y 9°L5C S
6200°0 0290 4 ® S#(2) 62000 6200°0 187, 0290 4 @ S#(2) 8'8€9 T'LS€ 9'v6Y 99T 9
62000 0290 4 ® S#(2) 82000 6200°0 |14 0290 49 ® S#(2) 1'8¢L [AVA7 9'v6Y €919 L
62000 0290 4 @ S#(2) 82000 6200°0 |14 0290 49 ® S#(2) 8'8€9 T°LS€ 961 0°ZveE 8
62000 0290 4 ® S#(2) 62000 6200°0 1'8¢L 0290 49 ® S# (2) 8'8€9 T'LSE 961 7'8€E€E 6
6200°0 0290 49 @ s# (2) 62000 6200°0 182, 029°'0 4 ® S# (2) 8'8€9 T'LS€ 9'v6v €6LC ot
6200°0 0790 [49 ®@ s# (2) 62000 6200°0 182, 0290 4 ® S#(2) 8'8€9 T'LS€ 9'v6¥ 87ST 1T
6200°0 0290 49 ®@ s# (2) 62000 6200°0 182, 0290 4 ® S# (2) 8'8€9 T'LS€ 9'v6v 60€C 49
62000 0290 4 ®@ S#(2) 62000 62000 182, 0290 4 @ S# (2) 8'8€9 T°LSE 9'v6v 6'S0¢C €1
62000 0290 4 ® S#(2) 62000 62000 ¥'8L9 0290 4 @ S# (2) 1685 T°LSE fog:144 §9TC v1
62000 0290 4 @ S# (2) 62000 6200°0 ¥'8L9 0290 4 @ S#(2) 1685 T'LS€ €8Ty £90C ST
62000 0290 4 @ S#(2) 62000 6200°0 v'8L9 0290 4 @ S#(2) 1685 T°LS€ €8Ty 68T 9T
62000 0290 4 ® S# (2) 62000 6200°0 v'8L9 0290 4 @ S#(2) 1685 T'LS€ €8Ty £10C LT
62000 0290 4 @ S#(2) 62000 6200°0 7'8L9 0290 49 ® S# (2) 1'68S T°LS€ €'8Ch L'T6T 8T
62000 0290 4 ® S#(2) 62000 6200°0 7'8L9 0290 49 ® S#(2) 1°68S T°LS€ €'8Ch 0°08T 61
62000 0290 4 ® S#(2) 62000 6200°0 7'8L9 0290 49 ® S# (2) 1'68S T°LS€ €8Cy 6'89T (014
6200°0 0790 49 @ s# (2) 62000 6200°0 v'8L9 0290 4 ® S#(2) 1685 T'LS€ €8Ty 7'8ST 1C
6200°0 0290 [49 ®@ s# (2) 62000 6200°0 ¥'8L9 0290 4 ® s#(2) 1685 T'LS€ €8Ty 18T 44
62000 0290 4 @ S#(2) 62000 62000 ¥'8L9 0290 4 @ S# (2) 1685 T'LSE o :144 0°'8€T €2
62000 0290 4 @ S#(2) 62000 62000 ¥'8L9 0290 4 @ S# (2) 1685 T°LSE €8ty 9/TT 144
62000 0290 4 @ S#(2) 62000 62000 ¥'8L9 0290 4 @ S# (2) 1685 T°LSE o :144 TLTT 14
6200°0 0290 4" @ s# (2) 62000 6200°0 ¥'8L9 0290 4" @ S#(2) 1685 T'LS€ €8Ty 9°£0T 9z
6200°0 0290 4 ® S# (2) 62000 6200°0 v'8L9 0290 4 @ S#(2) 1685 T'LS€ €8Ty 186 LT
62000 0290 4" ® S# (2) 62000 6200°0 ¥'8L9 0290 4 @ S#(2) 1685 T'LS€ €8Ty €88 8¢
62000 0290 4 @ S#(2) 62000 6200°0 7'8L9 0290 49 ® S#(2) 1'68S T°LS€ €'8th L9L 67
62000 0290 4 @ S#(2) 62000 6200°0 7'8L9 0290 49 ® S#(2) 1°68S T°LS€ €'8Ch LoL [9A3] Joo.
id CVAMIEY 3uoeds 'd pasinbay ' 2: A+’ (347,00 "y Supeds (1) Aw\c:uae 0 S/PMSy = A o ™)
pue Jeqay payipoN wnuwiuin ="A® MIN pue Jeqay payipoN =N} . ) nA ‘(sgv13 wody) [ELES
PRI ="A 92J04 Jeays puipm

1UBWDIO4UIRY (]ed1149A) [eUIPNYSUOT

1UBWDJ0JUIBY (|BIUOZIIOY) 3SIBASURI |

aNIm

2009 |61

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

G/\S 10} JUsWadIouIRY Adeulwl@id — LV d|qel

TLLOT L1000 0290 49 ® S#(2) F43740] 71000 12000 ¥L°0 0T | @s#(2) 0zL'0 02000 €720T 1'8LT 4
TLLOT L1000 0290 49 ® S#(2) [43740] 71000 12000 vL'0 0T | @S#(2) 0zL'0 02000 €701 T'9T€ €
TLLOT L1000 0290 49 ® S# (2) EY0 71000 12000 [ZA0) 0T | @s#(2) 0zL'0 02000 €720T €95€ ¥
TLLOT L1000 0290 49 ® S# (2) F43740] 71000 12000 ¥L°0 0T | @s#(2) 0zL'0 02000 €720T 134 S
TLLOT L1000 0290 49 ® S# (2) [43740] 71000 12000 vL'0 0T | @S#(2) 0zL'0 02000 €701 199 9
8'68¢¢ 92000 0€6°0 8 ® S#(2) 0060 SZ00'0 92000 €60 8 © S#(2) 006°0 52000 €720T £'SOTT L
1°069T #1000 €TY'0 8T ® St (2) 9rE0 71000 22000 90 | @s#(2) 9L5°0 02000 6L18 9'vST 8
1°069T #1000 38 740] 8T ® S# (2) 9vE0 71000 72000 790 | @s#(2) 9L5°0 02000 6L18 Lyl 6
T°069T #1000 €TV'0 8T ® S#(2) 9vE0 21000 22000 90 | @s#(D) 9.5°0 02000 6L18 9'LLT 0t
1°069T #1000 €TY'0 8T @ S# (2) 9vE0 71000 22000 90 | @s#(2) 9L5°0 02000 6L18 L9t 1T
T°069T #1000 €TV'0 8T ® S#(2) 9vE0 71000 72000 790 | @s#(2) 9.5°0 02000 6L18 L1yt 49
T°069T #1000 €TV'0 8T ® S#(2) 9vE0 71000 22000 90 | @s#(D) 9.5°0 02000 6L18 1602 €T
9'855T #1000 €TY'0 8T ® S# (2) 9re0 71000 22000 90 | @s#(2) 9.5°0 02000 €'80L 9'EVT vT
9'85ST #1000 38 740] 8T ® S#(2) 9vE0 71000 72000 790 | @s#(2) 9.5°0 02000 €'80L 6'09C ST
9'85ST ¥100°0 €TV'0 8T ® S# (2) 9vE0 71000 22000 790 | @Ss#(2) 9.5°0 02000 €80L TELT 9T
T'9vET 61000 €IV'0 8T @ S#(2) 6520 21000 62000 290 | @s#(D) [4340] 02000 TTES v'6vT LT
T'9VET 6T00°0 €TV0 8T ® s#(2) 6520 71000 62000 790 | @s#(2) 43 40] 02000 TTES Tove 8T
T'9VET 61000 €TV'0 8T ® S#(2) 6520 71000 62000 790 | @s#(2) [4340] 02000 TTES 082t 6T
T'9vET 61000 €TV'0 8T ® S#(2) 6520 21000 62000 290 | @s#(D) [4340] 02000 TTES SYIT 0¢
T'9vET 61000 €TY'0 8T @ S# (2) 6520 71000 62000 90 | @s#(2) €Yo 02000 TTES 100 14
T'9VET 61000 ETV0 8T ® S# (2) 6520 71000 62000 790 | @s#(2) [4340] 02000 TTES 8'v8T [44
T'9vET 61000 €TV'0 8T ® S#(2) 6520 71000 62000 290 | @s#(7) [4340] 02000 TTES 8'891 €7
T'9vET 61000 €TY'0 8T @ S# (2) 6520 71000 62000 90 | @s#(2) €Yo 02000 TTES €7TST Z4
T'9VET 61000 ETV0 8T ® S#(2) 6520 71000 62000 790 | @s#(2) [4340] 02000 TTES T9ET 14
T'9VET 61000 38 740] 8T ® S# (2) 6520 71000 62000 790 | @s#(2) [4340] 02000 TTES 8'8TT 97|
T'9vET 61000 €TY'0 8T @ S# (2) 6520 71000 62000 90 | @s#(2) [4340] 02000 TTES 6'66 Lz
T'9VET 61000 €TV0 8T ® S# (2) 6520 71000 62000 790 | @s#(2) 43 40] 02000 TTES €8 87|
T'9VET 61000 €TV0 8T ® S# (2) 6520 71000 62000 790 | @Ss#(2) 43 40] 02000 TTES €19 6C
T'9vET 61000 €TV'0 8T @ S#(2) 6520 21000 62000 290 | @s#(7) [4340] 02000 TTES LTS 19A3] J00d
9718 61000 €TY'0 8T ® S# (2) 6520 71000 62000 90 | @s#(2) F4340] 02000 £0TE TTe Joou E%__w%_
(40 + 9 jenoy ‘ (1/,u) Supeds pue ‘ (1/,u) 'd painbay 10 jenoy ‘ (1/,u1) Supeds pue ‘ (1/,u1) 'd pasinbay () ™A (savL3

S INCO)PYd = UAD "y |lenjoy Jeqay Aseuiwijaid I*y paiinbay wnwiuiin ¥Sy jenjoy | Jegay Adeuiwiaud | Sy paisinbay wnwiuin ()Y wouy) 93104 [ona

‘() Aoede) Jeays PLEETVINLIISEIN

JUaW2J04ulRY (|e2114aA) [eulpnISuo] JUBWI0UIDY (|BIUOZII0Y) BSIDASURL |

JINISIAS

2009 |62

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

SMS 10} JUBWDdI04UIRY [eUl] — 8Y d|qe L

¥€00°0 ove'T 9 @ S#(2) ¥€00°0 €€00°0 ¥'865¢ 00Z'T 49 @ L#(2) TLLOT 6'€EETT L'SE9T €165T 4
¥€00°0 ore'T 9 @ St (2) ¥€00°0 €€00°0 7'865C 00Z'T 4 @ L#(2) T'LL0T 6°EETT L'SE9T 5'985T €
¥€00°0 oreT 9 @ s#(2) ¥€00°0 €€00°0 ¥'865¢C 00Z'T (45 @ L#(2) TLLOT 6'E€ETT L'SE9T §'TSST v
¥€00°0 oreT 9 @ s#(2) ¥€00°0 €€00°0 ¥'865¢C 007'T [45 @ L#(2) TLL0T 6'EETT L'SE9T T'9€ST S
¥€00°0 ove'T 9 @ S#(2) ¥€00°0 €€00°0 ¥'865¢ 00Z'T 49 @ L#(2) TLLOT 6'€EETT L'SE9T 0°S06T 9
¥€00°0 ove'T 9 @ S#(2) 7€00°0 €€00°0 ¥'865¢ 00Z'T 49 @ L#(2) 8'687¢ €LTYT L'SE9T T°Tere L
7€00°0 0€6°0 8 @ St (2) 92000 97000 8'TE8T 14740 ot @ s# (2) T°069T 6776 9°80€T 1°629T 8
T€00°0 0€6'0 8 @ s#(2) 97000 92000 8'TE8T vvL°0 ot @ s#(2) 10691 6776 9'80€T §'209T 6
T€00°0 0€6'0 8 @ s#(2) 92000 9200°0 8'1€8T v¥L0 ot @ S#(2) 10691 6776 9'80€T S'6EST ot
7€00°0 0€6'0 8 @ S#(2) 92000 92000 8'TE8T w0 (0] @ S# (2) 1°069T 6’776 9'80€T ¥'SLYT T
7€00°0 0€6°0 8 @ St (2) 97000 97000 8'TE8T 14740 ot @ s# (2) 1°069T 6776 9°80€T 0°TIVT [43
7€00°0 0€6°0 8 @ St (2) 92000 97000 8'TE8T 14740 (0)8 @ s# (2) 10691 6776 9°80€T SYEET €1
T€00°0 0€6'0 8 @ s#(2) 97000 92000 €00LT vvL°0 ot @ s#(2) 9'8SST 6776 €'EETT 8971 vT
T€00°0 0€6'0 8 @ s#(2) 92000 9200°0 €00LT v¥L0 ot @ S#(2) 9'85ST 6776 €'EETT 8'86TT ST
T€00°0 0€6'0 8 @ S#(2) 92000 92000 €00LT w0 (0] @ S# (2) 9'85ST 6'7v6 €EETT 9'0vTT 9T
7€00°0 14740 ot @ St (2) 6200°0 62000 T'9vET 0790 (43 @ s# (2) T'9YvET 6776 668 1°090T LT
¥€00°0 vvL°0 ot @ s#(2) 6200°0 62000 T'9v€ET 0290 45 @ s#(2) T'9YET 6776 6'6Y8 €686 81T
¥€00°0 vvL°0 ot @ s#(2) 62000 62000 T'9Y€ET 0290 145 @ s#(2) T'9YET 6776 6'6Y8 9°LT6 6T
¥€00°0 Y920 ot @ s#(2) 62000 6200°0 T'9v€ET 0290 (45 @ S# (2) T'9YET 6776 6'6Y8 T9v8 0z
¥€00°0 L0 (o) 8 @ S#(2) 62000 62000 T'9VET 029'0 43 @ S# (2) T'9vET 6’776 6678 0'SLL 14
7€00°0 14740 o) @ St (2) 6200°0 62000 T'9vET 0790 145 @ s# (2) T'9YET 6776 668 TEoL [44
¥€00°0 vvL°0 ot @ s#(2) 62000 62000 T'9v€ET 0290 45 @ s#(2) T'9YET 6776 6'6Y8 v'T€9 €
¥€00°0 vvL°0 ot @ s#(2) 62000 62000 T'9v€ET 0290 43 @ s#(2) T'9YET 6776 6'6Y8 ¥'855 vT
¥€00°0 vvL°0 ot @ s#(2) 6200°0 6200°0 T'9vET 0290 (45 @ S#(2) T'9YET 6'vv6 6'6Y8 9'v8Y 74
¥€00°0 w0 (o) ¢ @ S#(2) 62000 62000 T'9vET 079’0 49 @ S# (2) T'9vET 6’776 6'6v8 Ty 9z
7€00°0 14740 ot @ St (2) 6200°0 62000 T'9vET 0790 (43 @ s# (2) T'9VET 6776 668 0'8€E Le
¥€00°0 vvL°0 ot @ s#(2) 62000 62000 T'9v€ET 0290 (45 @ s#(2) T'9YET 6776 6'6Y8 59T 8
¥€00°0 Y920 ot @ s#(2) 6200°0 6200°0 T'9v€ET 0290 [45 @ S#(2) T'9YET 6776 668 16T 67
¥€00°0 Y920 ot @ s#(2) 62000 6200°0 T'9v€ET 0290 [45 @ s#(2) T'9vET 6776 6'6Y8 §Z9T [aA3)] JooJ
¥€00°0 Y920 ot @ s#(2) 62000 6200°0 9718 0290 [45 @ S# (2) 9718 7°0LS T'ETS %9 Jo0s Eo_o__mmm_
9 (a7, oy Suppeds Id pasinbay ” O_w (AN P (/1) vy Supeds . () ) o) /Py = °A o) o)
pue Jeqay PaYIPON [ wnwiuA =“AG MIN pue Jeqay palipo | CA+A)$ = “Ad nA “(Sgv.L3 wosy) jonaT
PN =N 92404 JE3YS PUI

JUaW=J04uIaY (|B2114BA) [eulpn}SUOT]

1UBWADJ0JUIBY (]EIUOZIIOY) BSIDASUERL ]

aNIMm

2009 |63

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

9/W\S 40} 1uawadliojulay AJeulwipid — 6Y d|qel

TLLOT LT00°0 0290 T | @S#(2) [43740] 21000 12000 vL°0 0T | ®s#(2) 0zL0 0200°0 €201 9'8C€ 4
TLL0T L1000 0790 | @s#(2) TEV0 71000 12000 vL0 or | @s#(2) 0zL°0 0200°0 €720T 60T €
TLLOT £100°0 0790 a | @s#() TEV0 71000 12000 vL0 0T | @s#(2) 0zL°0 0200°0 €720T S6TE ¥
T'LL0T L1000 0z9°0 T | @s#(2) 43740 21000 12000 vL0 0T | @s#(2) 0zL'0 0200°0 €'220T 9°LYS S
T'LL0T L1000 0z9°0 T | @s#(2) 4340 21000 12000 vL0 0T | @s#(2) 0zL'0 0200°0 €'220T 8158 9
8'68¢¢ 9200°0 0€6°0 8 | @s#(a) 006°0 S200°0 9200°0 €60 8 | ®@s#(2) 006'0 S200°0 €701 L9yl L
1°069T ¥100°0 380] 8T | ®s#(2) e 21000 72000 290 o | @s#(2) 9/5°0 0200°0 6L18 €8LS 8|
10691 ¥100°0 €170 8T | @S#(2) 9vE0 21000 72000 790 T | @S#(2) 9/5°0 02000 6L18 0909 6
10691 ¥100°0 €I7°0 8T | @S#(2) 9vE0 21000 72000 790 T | @S#(2) 9/5°0 0200°0 6L18 009 ot
1°069T ¥100°0 €TV°0 8T | @ s#(2) 9E0 71000 72000 790 T | @s#(2) 9/5°0 0200°0 6°L18 6565 T
1°069T ¥100°0 €TV°0 8T | @ st (2) 9E0 71000 72000 290 T | @s#(2) 9/5°0 0200°0 6°L18 6785 [43
T°0697T ¥100°0 [3440) 8T | @ s#(2) 9vE0 71000 72000 290 | @s#(@) 9,50 02000 6'L18 7'895 €1
9'85ST ¥100°0 [3440) 8T | @ s#(2) 9vE0 21000 72000 290 | @s#() 9,50 0200°0 €'80L T'Tss vT
9'85ST ¥100°0 3840] 8T | @ s#(2) e 21000 72000 290 o | @s#(2) 9/5°0 0200°0 £'80L 8'TYS ST
9'85ST ¥100°0 380] 8T | @ s#(2) 9rE0 21000 72000 290 | @s#(2) 9/5°0 0200°0 £'80L 8'SES 9T
T9VET 6T00°0 €170 8T | @S#(2) 6520 21000 62000 790 T | @S#(2) [4340] 0200°0 TTES 9861 LT
T9VET 6T00°0 €170 8T | @S#(2) 6520 21000 62000 790 T | @S#(2) [4340] 02000 TTES 8'6LY 8T
T'9VET 61000 €TV0 8T | @ st (2) 65°0 71000 62000 790 T | @s#(2) [4340] 02000 TTES 695 6T
T'9VET 61000 €TV°0 8T | @ st (2) 65°0 71000 62000 790 T | @s#(2) [4340] 02000 TIES LTEY 014
T'9vET 61000 [3440] 8T | @ s#(2) 652°0 71000 62000 290 | @s#() [4340] 02000 TTES T'v0Y 14
T'9vET 61000 [3440) 8T | @ s#(2) 652°0 21000 62000 290 | @s#() [4340) 02000 TTES v'rLE 44
T'9vET 61000 3840} 8T | @ s#(2) 652°0 21000 6200°0 290 o | @s#(2) [4340] 0200°0 TTES STre x4
T'9vET 61000 €1¥°0 8T | @ s#(2) 652°0 21000 6200°0 290 | @s#(2) [4340] 0200°0 TTES €'80€ 24
T9VET 6T00°0 38400 8T | @S#(2) 6520 21000 62000 790 T | @S#(2) [43740] 0200°0 TTES 8'TLT 14
T9VET 6T00°0 €170 8T | @S#(2) 6520 21000 62000 790 T | @S#(2) [4340] 0200°0 TTES 6T€T 9z
T9VET 67000 €I7°0 8T | @S#(2) 6520 21000 62000 790 T | @S#(2) [4340] 0200°0 TTES 7167 Lz
T'9vET 61000 €TV0 8T | @ st (2) 657°0 71000 62000 290 T | @s#(2) TEV0 0200°0 TTES S8yl 8¢
T'9vET 61000 €TV0 8T | @ st (2) 657°0 71000 62000 290 T | @s#(2) [4340] 02000 TTES 96 6C
T'9vET 61000 [3440) 8T | @ S#(2) 652°0 71000 62000 290 | @s#() [4340) 02000 TTES v'9€ [9A3)] Joou
9718 6T00°0 €I7°0 8T | @S#(2) 6520 21000 62000 790 T | @S#(2) [43740] 02000 L0T€ TTe Jo01 Eno__wmﬂ
(0 + 0 jenoy ‘ (1/,u) Supeds pue ‘ (u/,u) Id pauinbay 10 ey ‘ (/) Supeds pue \ (3/,w) 'd paiinbay (1) "A “(s8v.L3

2 JNCO)PY D = UAD Iy |enjoy  |4eqay Aleuwipid | "y pasinbay wnwiuliA YSy |enyoy  |4eqay Aleujwiaid | Yy pasinbay wnwiulin ()Y wouy) 92404 |oAaT

‘(%) Awoede) ueays 1B3YS JIWSIDS

JUSW2J0JUIRY (|ed1aA) [eUIPNYISUOT 1USW2J0JUIRY (|eIUOZIIOY) BSIaASURL |

JINSIAS

2009 |64

Report — 22 April

Revised Final



Aquablue at the Golden Mile

Lindsay Lynch

Advisor

Hato Rey, Puerto Rico

Dr. Andres Lepage

- Structural Option -

- AE Senior Thesis 2008-2009 -

9/S J0j JUBWSIO4UIRY [eUl] — 0TV 3|qel

£900°0 00%'C 9 ® S#(2) 7500°0 0500°0 (4 45143 008'T 8 | @s#(2) T'LL0T 6€ETT L'SE9T 8'8LST 4
£900°0 00v'T 9 @ s# (2) €500°0 0500°0 (4 4:143 008'T 8 ® S#(2) TLLOT 6'EETT L'SE9T 6:0ZYT €
¥€00°0 ovz'T 9 ® S#(2) 92000 9700°0 8'68CC 0€6°0 8 | @s#(2) TLL0T 6€ETT L'SE9T 'S8T ¥
¥€00°0 ove'T 9 ® S#(2) 92000 92000 8'687¢C 0€6'0 8 | @s#(2) T'LLOT 6'EETT L'SE9T 8TVET S
¥€00°0 ove'T 9 ® S#(2) 9200°0 9200°0 8'68C¢ 0€6'0 8 | @s#(2) T'LL0T 6€ETT £'GE9T T'€9€T 9
£900°0 00t'C 9 @ L#(2) 15000 0500°0 (A 4:143 008'T 8 ® L#(2) 8'68C¢ €LIVT £'SE9T TYTIE L
€800°0 00v'C 9 ® L#(2) 9900°0 €900°0 8'8€0€ 008'T 8 | @#(2) 1°069T 6776 9'80€T 7'ovve 8
€800°0 00%'C 9 @ L#(2) £900°0 €900°0 8'8€0€ 008'T 8 | @ 1°069T 6'7v6 9'80€T T'565¢ 6
€800°0 00%'C 9 @ L#(2) £900°0 €900°0 8'8€0€ 008'T 8 | @#(2) 1°069T 6'7v6 9'80€T S'LEST otr
€800°0 00v'T 9 @ L#(2) £900°0 €900°0 8'8€0€ 008'T 8 | @#(2) 1°069T 6'7v6 9'80€T L'9EVT T
€800°0 00v'C 9 © L#(2) £900°0 €900°0 8'8E0€ 008'T 8 | @#(2) 1°069T 6'vv6 9'80€T 6'8TET 43
€800°0 00%'C 9 @ L#(2) £900°0 €900°0 8'8€0€ 008'T 8 | @#(@) 1°069T 6'vv6 9'80€T 70612 €T
€800°0 00%'C 9 ® L#(2) £900°0 €900°0 €106 008'T 8 | @#(2) 9'8GST 6'7v6 €EETT S'650C vT
€800°0 [olo) 24 9 @ L#(2) £900°0 €900°0 €106C 008'T 8 | @#() 9'8GST 6'7v6 €EETT 67961 ST
€v00°0 ove'T 9 ® S#(2) €€00°0 7€00°0 67T6T 0€6'0 8 | @s#(2) 9'855T 6776 €EETT 1°9881 9T
£500°0 ove'T 9 ® S#(2) S00°0 €v00'0 S'00LT 0€6'0 8 | @s#(2) T'9vET 6'7v6 6678 1°8L9T LT
£500°0 ove'T 9 @ S# (2) S¥00°0 €000 S°00LT 0€6°0 8 ® S#(2) T'9vET 6776 6'6v8 T°0LST 8T
£500°0 ove'T 9 ® S#(2) S¥00°0 €700°0 S°00LT 0€6°0 8 | @s#() T9VET 6'7v6 6678 6'LYYT 6T
¥€00°0 vrL0 otT ® S#(2) 6200°0 62000 T9vET 0290 | @s#(2) T9VET 6776 6678 0'TZET (014
¥€00°0 wvL°0 0T @ s#(2) 62000 6200°0 T'9vET 0790 T | @s#(2) T'9vET 6’776 6'6v8 6°T61T 1T
¥€00°0 L0 0T @ S#(2) 62000 62000 T9vET 0290 T | ®s#(e) T9VET 6'7v6 6678 8'€90T [44
¥€00°0 vL'0 otT ® S#(2) 6200°0 62000 T'9vET 0790 | @s#(2) T'9vET 6'7v6 6678 6'7E6 €2
¥€00°0 ¥L°0 (0] ® S#(2) 6200°0 62000 T9vET 0290 T | @s#(2) T'9vET 6'vv6 6678 S'v08 44
¥€00°0 wvL°0 0T @ s# (2) 62000 6200°0 T'9vET 0790 T | @s#(2) T'9vET 6776 6'6v8 v'€L9 ST
¥€00°0 w70 0T ® S#(2) 62000 62000 T'9vET 0290 T | ©s#(e) T9VET 6'7v6 6678 L9%S 9z
¥€00°0 vL0 ot @ S#(2) 62000 62000 T9vET 0290 T | @s#(T) T9VET 6'7v6 6'6v8 S0ty LT
¥€00°0 ¥L'0 (0] ® S#(2) 62000 6200°0 T97ET 0290 T | @s#(2) T'9vET 6'vv6 6678 L€6T 8¢
¥€00°0 wvL°0 0T @ s#(2) 62000 6200°0 T'9vET 0290 T | @s#(2) T'9vET 6776 6'6v8 S'L6T 6C
¥€00°0 wvL0 0T ® S#(2) 6200°0 62000 T'9VET 0290 T | ©s#(e) T9VET 6'7v6 6678 (A [9A9] Joou
¥€00°0 wvL°0 0T @ s# (2) 62000 6200°0 9718 0790 T | @s#(2) 9718 7'0LS T'€E1S 0Ty Jo01 >o_o_o__m\%m_
. (/00 Sudeds Id paJinbay ' v_wﬁ>+w>ve (/) ¥y Suipeds pue N ) ) > m: m o o) A (sav 13
pue Jeqay PIYIPON | WNWIUIA ="Ad M3IN 1eqay PYIPON  |CAFAIG ="AP| s/ =CA L , wouy) 32104 [oAaT
PRI ="A L ays pum

1UBW2J0JUIRY (|e21143A) |eulpnSuo]

JUSWISII04UIDY (|EIUOZIIOY) SSIDASURL ]

aNIm

2009 | 65

Report — 22 April

Revised Final



