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ABSTRACT

Comparison of Analysis and Optimization Methods for
Core-Megacolumn-Outrigger Skyscrapers

James B. Peterson
Department of Civil and Environmental EngineeriBy,U
Master of Science

The goal of this research is to compare performarfi¢chree analysis methods and three
optimization methods for core-megacolumn-outriggeiCMO skyscrapers. The three analysis
methods include a 1D stick analysis, 2D frame aisyand 3D finite element analysis. The
three optimization methods include a trial and reotimization, optimality criteria
optimization, and genetic algorithm. Each of thesthods was compared by applying an
example CMO skyscraper. The 1D stick analysis @ddwe be the most accurate when compared
with the 3D finite element results. The genetgoaithm was recommended as the best
optimization method in this research. The 1D stieithod in this thesis introduces a new
analysis involving an outrigger modification factorhe comparison of these optimization
methods for skyscrapers has not been reporteckifiténature.

Keywords: James B. Peterson, skyscraper, 1D stiakysis, structural optimization
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1 Introduction

Many different analysis and optimization methods ased in skyscraper design. These
methods help in minimizing deflection, maximizingight, and providing cost efficient designs
for the next age of high-rise buildings. This @s@ will look at three analysis methods along

with three optimization methods for designing coregacolumn-outrigger (CMO) skyscrapers.

1.1 History of Skyscrapers

The construction of tall structures began in artdiemes with the pyramids. Ancient
peoples built large buildings out of stone andkriModern day skyscrapers have evolved with
the use of steel and high strength concrete. §dgton will outline and discuss the progression

of tall building design in order to understand hile CMO skyscraper came into existence.

1.1.1 First Generation

The first generation of skyscraper is the steetdxgdrame. This type of skyscraper is
built entirely out of steel. An example of thipéyof steel frame skyscraper is the Empire State

Building seen in Figure 1-1.
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Figure 1-1: Empire State Building

The Empire State Building was built in 1931 to ggheof 381 meters. The sketch on the
left in Figure 1-1 shows the ‘cage-like’ constroctiof these types of steel frame buildings.
Many columns and braces are placed at each flostiften the building against lateral loads.
These columns and braces obstruct the space withibuilding. The small spaces for windows
on the exterior are seen in the right picture guFe 1-1. Floor space is limited because of the
need for many members within the interior of théding. The interior columns create small
pockets for offices and living space. Althoughsthuilding was one of the tallest of its time,

there were still strides to be made in the efficieaf tall buildings.
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1.1.2 Second Generation

The steel framed tube is the second generatiokysteapers. This skyscraper is also
referred to as ‘tube in tube’ construction. Thigettnas maximum moment of inertia because it
places material away from the axis of bending. ekample of this type of construction is the

World Trade Center.

Figure 1-2: World Trade Center

The World Trade Center in Figure 1-2 was built@v0, at a height of 417 m. It was
taller than the Empire State Building, and alsoerefficient in design. This is shown in the

floor plan in Figure 1-3.
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Figure 1-3: Tubein TubePlan View WTC

Column free space is created between the coreatuth¢he exterior tube. An open floor
plan is created by this model of skyscraper bygiBing span steel floor trusses. Elevators and
restrooms are allocated to the interior tube areigevoffice and living space can be utilized
between the interior and exterior tubes. Howether condition of tight exterior window space
remains because of the numerous columns locatéloegoerimeter of the exterior tube as shown

in Figure 1-4.

1.1.3 Third Generation

The concrete core-megacolumn-outrigger, or CMOgttess the third generation of
skyscraper. This type of skyscraper constructas lieen used from 1990 to the present. This
type of design was made possible through the dpwedot of high strength concrete. Mega-
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columns were developed to replace the many smadtiex columns in the framed tube model.
This creates column free space on the exteridiebtilding. The large moment of inertia
created by the exterior mega-columns limits théed&bn of the building due to lateral loading.

In order to integrate the concrete core with thgaeelumns, an outrigger system is used.
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Figure 1-4: Exterior Frame Tubein Tube
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Figure 1-5: CM O Skyscraper Diagram

Figure 1-5 shows this integrated system of cor&@ynens, and outriggers. The system
bends under the load as one complete force regisystem integrating the full moment of
inertia of the mega-columns. The interior and eatespaces are both maximized in the
skyscraper. An example of the CMO is the Petrdrmagers in Figure 1-6.

The Petronas Towers were built in 1998, at a hedfdtc2 meters. Each tower includes
an interior concrete core with exterior mega-colarand connecting outriggers. The floor plan

for one of the towers is seen in Figure 1-7.
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Figure 1-6: Petronas Towers

Figure 1-7: Plan View Petronas Towers



The interior concrete core in this skyscraper igslenap of rectangular thick core walls
seen in the middle of the circular floor plan ahovihis shows the flexibility of design for the
concrete core. The smaller circles around themer represent the mega-columns. These two
elements are integrated periodically about evers2@Stories by an outrigger system up the
height of the building.

Outriggers vary in design from building to buildingSome include a single member

extending from each mega-column to the core, wdtiers involve a belt truss system similar to

the one seen in Taipei 101 shown in Figure 1-8.
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Figure 1-8: Tape 101 diagram



The top middle drawing in Figure 1-8 shows a plemwwof what the belt truss might look
like within the skyscraper. All megacolumns aremected to the core through the outrigger

system.

1.2 Contribution to Knowledge

This goal of this research is to compare perforraasfadhree analysis methods and three
optimization methods for CMO skyscrapers. The ysialmethods are 1D stick, 2D frame, and
3D finite element. The 1D stick method introduaasew type of analysis involving an outrigger
modification factor. The optimization methods dreal and error, optimality criteria (or
gradient-based Lagrange multiplier), and genetigodhm. The comparison of these
optimization methods for skyscrapers has not beparted in the literature.

This research will be used in future research ok urban model for the ZXkentury
known as the Greenplex model. The Greenplex miadetporates skyscrapers, skybridges, and
an envelope, with green technologies. Multiple CBKyscrapers connected by skybridges will
form a larger structure. This structure will beclesed within an envelope to minimize surface
area and maximize efficiency for heating and caplifhe building will be sustained with green
technologies such as ground source heat pumpsprigdheating and cooling, onsite waste

water treatment, solar/ wind energy harvestingy/rgiey water recycling, etc.
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2 Literature Review

A review of literature in the field of analysis aogtimization of tall buildings will be
discussed in this chapter. Since frame analydisfiaite element analysis are well understood,
only 1D analysis methods for tall buildings will beviewed. Only optimality criteria and genetic

algorithm applications to tall buildings will beviewed.

21 1D AnalysisMethodsfor Tall Buildings

In performing a 1D stick analysis (Zalka 2002) ¢e€laan equivalent column by relating
stiffness of individual elements to deformatiofiis analysis uses the axial, shear, and bending
deformations of each element in order to find thebgl deformation of the system. The
difference in this reference is to calculate comebistiffness of systems of frameworks. This
means frameworks containing a combination of colsimvalls, and coupled shear walls. The
1D method in this reference was compared for acguvath an example problem using 3D
finite element software AXIS VM. The formulas amethod for the 1D analysis had an average
absolute error of 6%. The analysis in this papesimilar in finding combined equivalent
stiffness while the procedure in the reference usese complicated formulas for individual
elements.

Potzta, G., Kollar, L. P., (2003ise what are called sandwich or replacement beadhs a
apply them to examples of plane and flexural-toraiduckling. The sandwich beam studies the

11



case of multiple lateral resisting systems conmkebt@rizontally along the height of a building.
This involves a local bending stiffness value nmirfd in other methods. The error of the
sandwich beam was less than 1% when compared Wwéhekact finite element solution.
Kaviani, P., Rahgozar, R., Saffari, H., (2008) uded same method for members with variation
in cross section to calculate natural period oftiratbrey buildings. Comparable results were
found. The method in this reference finds a 1@nb€or comparison but uses a different
method for finding its stiffness.

The continuum method, or transforming a structate a continuous beam (Zalka, K.A.,
2000) and the Timoshenko-beam method (Timoshenk®, &ere, J.M., 1961) both had less
accuracy than the sandwich beam research posecd.abd®oth of these methods in essence
calculate the global bending stiffness of the d$tmec and transform into a single beam for
analysis. In each of these cases an example prablgimen in which much smaller frames than
a full height skyscraper are analyzed.

A one dimensional finite element method was dewsdopy Bozdogan, K. B., (2011).
The purpose was to integrate the step changeopégres along the height of the building. The
1D method in this reference proved to increasadtsuracy with the increase of height of the
building. Similar to this thesis, the researclthis reference provides a decrease in member size
along the height of the building.

Analyzing an approximate method to matrix stiffnessthods of rigid frames Smith, B.
S., Kuster, and M., Hoenderkamp, J. C. D., (198Wws a comparison of 1D and 2D analysis.
The method was found by tests on multiple strusttaed gave reasonably accurate results

within 10% of computer stiffness solutions.
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O. A. Pekau, L. Lin and Z. A. Zielinski (1996) penned a 1D analysis on a tube in tube
type skyscraper. The interior tube is modeled #smawalled beam element at each story. This
finite story method is then used which is explaimetheir previous research (O. A. Pekau, Z. A.
Zielinski and L. Lin 1995). This method is based“andal displacement fields obtained from
two-story substructures and intended to approxirshear, bending and torsion components of
global deformations.” The analysis compares with 1D analysis in this research for finding an
approximate stiffness at each story.

Chajes, M. J., Zhang, L., and Kirby, J. T., (1986&s a continuum model to analyze the
dynamic response of a 47-storey building. Redtots the 1D model proved to be within 8% of
the measured values from an actual earthquake.shows the application of the 1D model to
various types of structural response. Again, thethwd is comparable to the method in this
thesis in finding the equivalent stiffness for atwouous beam.

The references reviewed above did not mention tiwelvement of belt/ outrigger
trusses; in order to address this type of analyssfollowing was reviewed. Rahgozar, R.,
Ahmadi, A. R., Sharifi, Y. (2009) analyze the usdebelt trusses within a skyscraper. This
research reveals the effectiveness of differergsyqf outrigger systems in resisting loads within
a building. For simplification purposes the oufjleg system assumed in this thesis is a group of

two story trusses connecting each mega-columnr& co

2.2 Optimization Methods Applied to Tall Buildings

The IFC 2 Tower in Hong Kong was optimized with @gorithm that uses optimality
criteria method, and compared results with thosenfthe trial and error method (C-M. Chan,

2001). The minimum cost design problem was suliearift constraints due to lateral wind
13



loads. The optimality criteria method proved topde a cheaper, more efficient building. The
study also suggests that the optimal design woatchave been easily achieved without the use
of the algorithm. This building is an example c€&IO skyscraper.

An example of a tall steel frame building was optiea by the optimality criteria method
and compared with the trial and error method (Ca¥an, 1995). The algorithm is automated to
use discrete values taken from commercially martufad steel shapes in order to minimize the
weight of the 50-story asymmetrical steel framddng. The effectiveness again proves to be
much better than the trial and error method fayédsuildings.

Another example for the optimality criteria methisddeveloped for a 60-story, 7 bay
framework (C-M. Chan, 1992). Chan assigns discogtigmal section sizes to the structural
members and again illustrates the efficiency ohsuethods for optimization design.

The optimality criteria method was used to desigo large frameworks, one made up of
30 members and the other of 105 members (TabaWight PM. 1981). Size, stress, and
displacement constraints are placed on the desigins.optimal criteria are created based on the
Kuhn-Tucker conditions and stress gradients ardedad in the optimization for the rigid plane
frames.

Another optimality criteria method is the drift dosl method which uses displacement
participation factors integrated into an optimiaatproblem in order to determine the amount of
material to be modified (Park, H. S., Park, C.1997). This reference evaluates how each
section of the building influences how much thddings will deflect. By recognizing the most
influential parts, deflection can be minimized dhd building is optimized. The drift of the
building is evaluated against an initial desigrhe purpose is to show the effectiveness of the

design method against a time consuming trial arat enethod.
14



A series of optimizations were performed on a 3 Réystorey tall building using a
genetic algorithm (K. Murawski, T. Arciszewski, Re Jong, 2000). The cross-over mutation
rates were analyzed for convergence to the opsiation. Dead, live, and wind loads were
incorporated into the design process. The algoritheach case proved to provide sufficient
optimal solutions. A comparison was also giventéwal weight versus the number of
generations developed. The feasibility of evoludiy computation in structural design is
proven.

The Burj Kalifa had many of its components desighg@n optimality criterion method
(Baker et al. 2009). Baker comments that “Wall aaimn sizes were optimized using virtual
work / LaGrange multiplier methods, resulting imeay efficient structure.” The use of such
methods for the tallest building in the world shatws effectiveness of such optimization
methods on large structural design problems.

The interior service core has become a commonipeaftir designing tall buildings. ‘In
general the more time spent on the core designmttre efficient and sustainable the building
can be’(Ali and Armstrong, 2008). This referencerety discusses that optimizing the core area
can provide the best results in resisting load$iwit tall building. No example problem or
specific method was used.

Jr WU and QS LI, (2004) performed an optimizatiand analysis of the CMO
skyscraper. The optimization however was only igdpto spacing of outriggers within the

structure and not to the optimization of megacoland core.
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3 Example CMO Skyscraper

The example CMO skyscraper used in the comparianalysis and optimization methods

in this thesis will now be described in detail.

3.1 Geometry

The plan and elevation views are shown in Figufie B-has a width of 164 feet, and an
interior core of 82 feet. The height of the bulglis 1312.3 feet with 90 stories. Each story is
14.6 feet tall.

The eight mega-columns can be seen in the plan widwigure 3-1, two on each side of
the square building. The outriggers are those neesngpanning from the eight megacolumns to
the interior square core at intervals of 10 stories

The 2D frame analysis has limitations for modelihg out of plane megacolumns. For
simplification purposes, the model must be degeadri® the plan view seen in Figure 3-2. This
model is used for all of the analysis and optimaatmethods for comparison purposes. In
addition, the vertical loads from the flooring ®rst applicable to the excluded columns will be

neglected.
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Figure 3-1: Elevation and Plan Views of CM O Skyscraper

Figure 3-2: Plan View of Degenerated Skyscraper
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3.2 Member Dimensions and Properties

3.2.1 Core

The interior square core shown in the plan viewrigiure 3-1consists of high strength
concrete. The concrete properties are shown ileTali. The assumed cost of concrete used in
this research for the cost of structure calculat®®4.50/ft*3. This calculation is described in

Chapter 6.

Table 3-1: Concrete Properties

strength 11.6  |ksi
modulus 6300 [ksi
density 0.138 |kcf

The core thicknesses used for analysis are showalite 3-2 Core thickness decreases

moving up the height of the building.

Table 3-2: ThicknessCoreWalls

stories ft
1to 10 7.2

11to 20 7.0

21to 30 5.9
31to 40 4.7

41 to 50 3.6
51 to 60 2.6

61to 70 1.6
71 to 80 1.0
81 to 90 1.0
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3.2.2 Megacolumns

The exterior columns consist of the same high gtfegoncrete used in the core. The
concrete properties can be seen in Table 3-1. bbdgans decrease in cross sectional area

moving up the building. These cross sectionalsaega listed in Table 3-3.

Table 3-3: Cross Sectional Area Megacolumns

stories ft"2
1to 10 8.7
11 to 20 7.6
21to 30 6.5
31to 40 5.4
41to0 50 4.3
51 to 60 4.3
61 to 70 4.3
71to 80 3.3
81to 90 3.3

3.2.3 Outriggers

The outriggers connect to the interior core and anegjumns every 10 floors. The
outriggers are steel trusses with a depth equahéostory. Calculation of the outrigger area and
moment of inertia is dominated by the contributfoom the truss chords. The areas for the
outrigger chords are displayed in Table 3-4, regmgsg the total cross sectional area of the top
and bottom chords in the outrigger truss systeime dhear stiffness for the outrigger chords will
not be modeled. The connectivity of the outrigigeeach model will be discussed in Chapter 4.
The steel properties are shown in Table 3-5. Tdst of steel used for the cost of structure

calculation is $244.20/ft"3. This calculation isaissed in Chapter 6.
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Table 3-4: Cross Sectional Areasof Outrigger Chords

stories ftr2
1to 10 1.7
11to0 20 1.7
21to 30 1.7
31to 40 1.6
41 to 50 1.4
51 to 60 1.3
61 to 70 1.1
71 to 80 1.1
81 to 90 1.1

Table 3-5: Sted Properties

strength 50 ksi
modulus 29000 ksi
density 0.49 kcf

3.24 Flooring System

The flooring system at each story consists of sk beams. It is assumed that the
flooring system is simply supported by the core arejacolumns. This means that shear forces
due to gravity loads are transmitted to the cord amegacolumns, but moments are not.
Furthermore, it is assumed that the flooring systasinfinite axial stiffness so that lateral loads

at each story are transmitted to the core and nodgaas.

3.3 Vertical Loads

The flooring system for each story was designedraiag to Figure 3-3. This floor plan
layout is similar to others designed for CMO skgpars. The three types of beams designed

include the diagonal beams extending to each oficiinecorners; the exterior beams around the
21



perimeter and the shorter cross span beams pegpéandio the exterior beams. The dead load

calculation is shown in Table 3-6.

Figure 3-3: Floor Plan Layout of Beams

Table 3-6: Floor Dead Load Calculation

Slab plus deck 72.5 |psf
Steel Beam Framing | 16.18 |psf
Mechanical 4 pst
Ceiling 6 psf
Partition 20  |psf
Total Floor DL= | 118.68 |psf

The total distributed weight of the steel beamthmfloor plan is 16.18 psf. The largest
portion of the dead load is the slab plus metakdethis 72.5 psf dead load assumes that the
deck is 7.5 inches.

Figure 3-4 shows the tributary area for one megawolin the darkened upper right hand
corner. The tributary area for the core is showtha dark square in the middle of the plan view

extending out half way between each core wall &ediiegacolumns on the exterior.
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Figure 3-4: Tributary Areafor Coreand 1 Megacolumn

Values for tributary areas are listed in Table 3¥he total tributary area should add up
to the total floor plan area of the building. Thalculation check is performed in the last row of
Table 3-7. The total is the summation of eight ncegamn tributary areas and the core tributary

area. The total value of 26909.74 ft"2 equalddted floor plan area, or 164.042 ft. squared.

Table 3-7: Tributary Area Calculation

Tributary area
megacolumn 1576.74 ft?
core 14295.82 ft?
Total 26909.74 ft?
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The floor live load is taken as an assumed valuBd0fpsf. The combined dead and live
load is listed in the first row of Table 3-8. Thialue is multiplied by either megacolumn or core

tributary area to get the vertical point loads loe megacolumns and core.

Table 3-8: Combined Dead and Live Point L oads

Loads/ Floor

total 0.21868 ksf
megacolumn 344.8 k
core 3126.22 k

Point loads are placed at each story along thenheighe megacolumns and core
representing this dead and live load from the flobne weight of exterior cladding on the
building also is added to the point loads on thgawselumns along with self-weight of the
megacolumn. The exterior tributary area for thggamelumn is used to calculate this cladding
weight for each floor. This calculation is shownTiable 3-9 by multiplying tributary width by

height of half floor above and below.

Table 3-9: Cladding Weight Calculation

cladding 0.0267 |ksf
height 14.58151 |ft
width 82.021 |ft
weight 31.93293 |k

Self-weight of the core and megacolumns are caiedlay multiplying respective cross
sectional areas by the story height and densitgaoicrete given in Table 3-1. The cross

sectional areas for the core are taken from thekmi@isses in Table 3-2 multiplied by the
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perimeter of the core wall. The cross sectionaaaifor the megacolumns are taken from Table

3-3. The values for self-weight are shown in T&b k0.

Table 3-10: Self Weight of Core and M egacolumn

stories | col wt (k) | core (k)
1to 10 17.43 4341.52
11to 20 15.32 4202.25
21to 30 13.13 3618.02
31to 40 10.93 2912.80
41to 50 8.74 2271.75
51to 60 8.74 1655.89
61to 70 8.74 1051.55
71to 80 6.56 643.63
81to 90 6.54 643.63

The total vertical point loads for each megacoland the core are shown in Table 3-11.
These values represent the addition of dead, dieelding and self-weight loads. The last row in

the table represents a smaller roof load appligdddop floor.

Table 3-11: Vertical Point loads

levels | Core (k) | Megcol (k)
1to 10 | 7467.75 394.16
11to 20 | 7328.48 392.06
21to 30 | 6744.25 389.86
31to 40 | 6039.02 387.67
41to 50 | 5397.98 385.48
51to 60 | 4782.11 385.48
61to 70 | 4177.77 385.48
71to 80 | 3769.86 383.30
81to 89 | 3769.86 383.28
90 3126.22 376.74
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The self-weight of outriggers at respective floors are calculated by taking the cross

sectional area of the outrigger chords given in Table 3-4 multiplied by their length and the

density of steel given in Table 3-5. These loads are split between the core and megacolumns

where the outriggers are connected.

3.4 Lateral Loads

3.4.1 Wind Load

Wind load is developed according to the following equations and (ASCE 7-10).

Considering Bernoulli's Equation:
vZ p
— + -+ y = constant
29 v

where

state 1: wind before it hits building, p =0
state 2: air after it hits building, v=0
Both states have same elevation y

This equation degenerates to the following:

p =X v2 =0.00256v2
2g

where

y = 0.0766 1b/ft*3 = density of air
g=32.2 ft/s"2

p = pressure in psf

v = velocity in mph

Applying the following equation to calculate the exposure coefficient:

2/a
K, = 2.01 ( L )

hg
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where

Kz = velocity pressure exposure coefficient evaluated at height z
h = height

The coefficients o and hg taken from Table 3-12:

Table 3-12: Exposure Coefficients

Exposure o hg (ft)
Closely spaced obstructions 7 1200
Scattered obstructions 9.5 900
Open terrain, unobstructed 11.5 700
p = 0.00256K,v? (3-4)

The design wind speed is taken as 123 mph with an alpha value of 9.5 and an hg value of
900 ft. The lateral wind forces are shown for some stories in Table 3-13. For the wind analysis,
each force is placed on the exterior columns and then transferred to the core by the infinitely stiff

floor members. More detail on this load transfer is described in Chapter 4.

Table 3-13: Lateral Wind Forces

wind force
story )
(kips)

1 78.20236
2 90.48875
3 98.55223
4 104.7055
5 109.7416
6 114.0358
7 117.7973
8 121.1558
9 124.1975
10 126.9832
81 197.2451
82 197.7553
83 198.2605
84 198.7611
85 199.2569
86 199.7481
87 200.2349
88 200.7172
89 201.1953
90 201.6691
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3.4.2 SeismicLoad

Calculations of loads from seismic forces are dgwedl in a spreadsheet according to the
equivalent lateral force method (ASCE 7-05). Irstimiethod the seismic weight at each story is

the dead load only, shown for some stories in Takld.

Table 3-14: Dead L oad Weights

dead load
(kips)
6816.7407
6816.7407
6816.7407
6816.7407
6816.7407
6816.7407
6816.7407
6816.7407
9 6816.7407
10 7093.7054
81 2612.0245
82 2612.0245
83 2612.0245
84 2612.0245
85 2612.0245
86 2612.0245
87 2612.0245
88 2612.0245
89 2612.0245
90 2785.1481

story

o|N|o|o][w|IN] -

The seismic base shear, V, in a given directiatetermined using the following
eguations:
V=CcWw (3-5)

where
CS = the seismic response coefficient determined oorance with ASCE

Section 9.5.5.2.1
W = the total dead load and applicable portions bEoptoads as indicated in
Section 9.5.3.
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Vertical distribution of the base shear is deteediby:

E, = C,V (3-6)
h¥

Cvx = Z{L:Vl Wihll( ( 3-7 )

where

FX= lateral force
Cvxz vertical distribution factor

V = total design lateral force or base shear
w,w = the portion of the total gravity load of the stiwre located or assigned

to leveli or x.
hi, hx= the height from the base to Levelr x

k = an exponent related to the structure period lk®Aas:

for structures having a period of 0.5 sec or lkss] (linear)

for structures having a period of 2.5 sec or mhre2 (parabolic)

for structures having a period between 0.5 secZahdec.k shall be 2 or shall

be determined by linear interpolation between 12nd
The k exponent was taken as 2 for a long peridldibg. The value for Cs was

calculated using the equation below. The desigelatation is assumed to be 0.2g,
understanding this is an assumption for a longopdouilding. This was done for simplification
purposes in order to obtain a second load cagtédoanalysis. The ductility factor is taken as 6
and the importance factor taken as 1. The lagsniaimic forces for some stories are shown in

Table 3-15.

C, =358 (3-8)

(7)
where

SDS= the design spectral response acceleration pagamehe
short period range as determined from Section 41.4.

R = the response modification factor taken from tabl8ection 12.2
| = the occupancy importance factor determined i@@Ence

with Section 11.5.1
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For the seismic analysis the lateral loads aregplat each story on the exterior columns
and then transferred to the core by the infinistiff floors members. More detail on this load

transfer is described in Chapter 4.

Table 3-15: Lateral Seismic Forces

seis force
story (kips)
1 0.12
2 0.46
3 1.04
4 1.85
5 2.89
6 4,17
7 5.67
8 7.41
9 9.38
10 12.05
81 291.11
82 298.34
83 305.67
84 313.07
85 320.57
86 328.16
87 335.84
88 343.60
89 351.46
90 383.22
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4  AnalysisMethods

The three analysis methods in this research weawsethin order to give models in one,
two, and three dimensions. Intuitively, the accyraeould increase with each increase in
dimension. This chapter will review how each methe developed for the example CMO

skyscraper described in Chapter 3.

4.1 1D Stick Method

This method is the simplest way for determininggtractural response of a tall building
under loading. The skyscraper is transformed irgmgle vertical cantilever member whose
section properties vary with height. A tall slentailding like a skyscraper will deflect under
horizontal loading similarly to the way wheat ifield might bend in the wind. By
superimposing a three dimensional building intbia slender member, the calculations are
simplified to one dimension for determining theldefion of this single cantilevered member
under a load. The skyscraper is shown in themeigure 4-1. There is an interior core, vertical
mega-columns, and horizontal outriggers connedtiegcore and mega-columns. The skyscraper
is transformed to the vertical cantilever showrttmaright in Figure 4-1. This simplification

allows the analysis of the vertical cantilever éogerformed in a spreadsheet
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Figure 4-1: Transformation of Skyscraper to Vertical Cantilever

4.1.1 Story Statics

Figure 4-2 shows the equations for axial forceastace, and moment equations at each

individual story. These are calculated from the $tory to the bottom story in the spreadsheet.

4.1.2 Story Deflections

The flexural deflections and rotations are showikrigure 4-3 for a single story. Shear
deformation is insignificant in tall slender skyasgers and is not modeled in this method. These

are calculated from the bottom story to the topysiio the spreadsheet.
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Figure 4-3: Deflectionsfor One Story

4.1.3 Moment of Inertia and Outrigger Modification

In order to transform the three dimensional skyseranto a one dimensional cantilever,
an equivalent moment of inertia needs to be caledla The cross sectional area of the
megacolumns and core will decrease vertically @pothilding. A moment of inertia is calculated
for each story based on this variation in crostiaeal area.
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Applying the parallel axis theorem to a plan vieWtle skyscraper, the equivalent
moment of inertia can be calculated. The plan vieweproduced in Figure 4-4 for the
skyscraper. The elements that are used in the mioohénertia calculation are the megacolumns

and core walls.

Figure 4-4: Plan View of Skyscraper

The megacolumn moment of inertia is calculated isgply in the spreadsheet from the
core walls. Mega-columns have an additional fa@tothe calculation of their moments of
inertia. This factor is called the outrigger machtion factor. This factor takes into account the
outrigger and megacolumn interaction when the Ingldleflects. The modification factoy,is
developed from Figure 4-5.

In Figure 4-5, h is the vertical distance betweelriggers (ten stories in the example
CMO skyscraper).A, is the cross sectional area of one megacolupns the cross sectional
area of both outrigger chords, is the outrigger truss depth (one story in themgda CMO
skyscraper), and is the distance from the center of the core tontegacolumn. E, is the

modulus of elasticity of concrete , afglis the modulus of elasticity of steel.
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Figure 4-5: Outrigger Modification Factor

Equation 4-1 is a compatibility equation derivednfr Figure 4-5 that equates the axial
deformation in the megacolumn to the vertical dgiten in the outrigger. This is used to get the

relation between moment M and rotat®rshown in Equation 4-2.

i) =04 =35 () (41)

6 =" (4-2)

E.l

Equation 4-3 gives the equivalent moment of inerttaat accounts for stiffnesses of
megacolumns, core, and outriggerg.,.. iS the moment of inertia of the core ahdis the

moment of inertia of the outrigger.

1
I =lIcope + 2Acd2 (m) B9
The outrigger modification factor seen in Equation 4-3 is defined in Equation 4-4.

Equation 4-4 is derived from Equations 4-1 andah@ from Figure 4-5.

_ L3EcAc _ 4ALYECAc
3hEyl,  3hd3EyA,

(4-4)
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Note that as outrigger stiffness,(,) increasesy goes to zero, and full megacolumn area
contributes to I. As outrigger stiffness decreagagoes to infinity, and megacolumn area does

not contribute at all to I.

4.1.4 Spreadsheet Implementation

The stick analysis is performed using a spreadshiketeach row representing a story.
The drift and rotation is calculated at each stamger wind and seismic loads. The deflections
are then summed down the column for a total deflect

Safety factors are calculated for the skyscrafdre safety factors for wind and seismic
stress, buckling, along with wind and seismic drépresent the analysis portion of the stick
analysis. Each safety factor is graphed verswivel height to determine if the building’s
design is sufficient and which safety factor isgawng. The safety factor equations are shown
below for stress, buckling, and drift. The mom®hin the first equation represents either the

moment due to wind or seismic loads. Thg.,—story N the third equation for drift, represents

inter-story drift due to wind or seismic loads.

F,
SFstress = F—yM )
( aﬁlal)_l_(Ty)
. o n2El (4-6)
buckling — 4(Htotai—Hrelative)*Faxial
Hgtor
SFdrift = . e

AallowableAinter—story
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4.2 2D Frame Method

In this analysis method the skyscraper is modelsdaatwo dimensional frame.
Horizontal outrigger members and floor membersran@ included in this model. This method

models the interior square core as a single fraderaant.

421 FrameModd

The frame in two dimensions is shown in Figure 4A6single vertical element in the
center models the box core. The exterior verédaments, one on each side of the core model
two exterior columns each. Horizontal elements ehdlde outriggers. Although the horizontal
floor elements are not shown in between the ougrigggn Figure 4-6, one is placed at each story
in between those levels where outriggers are ptes&ach frame element has 6 degrees of

freedomwith member end release capability to create hirogehections.

Figure 4-6: 2D Frame Mode
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The plan view is shown in the left of Figure 4-Rote that only four megacolumns are

included in this model. The 2D frame model is sha#m the right in Figure 4-7.

< Outrigger

:> Core —>H Core Spine

l<_ Outrigger

| u T <€—— 2 megacolumns

-«
2 megacolumns

Figure 4-7: Plan of 2D Frame M odel

4.2.2 TheCore Spine

Note that in Figure 4-7, the megacolumns are cdaedet the core with an outrigger
element and a core spine element in series. TigtHef the core spine element is half the width
of the core. It has infinite flexural and axialfstess (I=A=0). It is rigidly connected to the core
and to the outrigger, and the outrigger is hingeneated to the megacolumn. The core spine
element models the finite width of the core. Aewveltion view is shown in Figure 4-8.

Figure 4-8 shows the floor elements at each stdriese elements have infinite axial
stiffness (A=o) and zero flexural stiffness (I=0). Shear defaiorain the outriggers is not taken

into account in this 2D model.
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4.2.3 2D Frame Program

Each element stiffness matrix and force vector rdomies to the formation of system
stiffness matrix K and force vector F. The equatibU = F is then solved for the system
displacement vector U. The system displacements umed to find individual element
displacements and stresses.

The input file for the linear plane frame analypi®gram includes joint coordinates,
connectivity of joints, loads, and element sectmoperties. Numbering of the joints and
members is kept in a spreadsheet in order to argamember groups and connectivity of

members within the building.

Figure 4-8: Elevation of 2D Frame Model
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The section table for the input file includes thess sectional area, modulus, moment of
inertia, connectivity (pinned or fixed), and safdgctors for buckling and stress for each
member. These sections for each member are the aarthose used in 1D stick analysis. The
gravity point loads are placed at each joint ardlditeral loads of wind and seismic are analyzed
separately. The lateral loads placed at each siothe megacolumns are transferred to the core

through the floor member and infinite core spinenber.

4.3 3D Finite Element Method

The final linear analysis procedure uses ADINA,ommercial finite element software
package. The model of the skyscraper in plan vigevehown in Figure 4-9, exported from

ADINA.

A
D
I
N
A

Figure 4-9: Plan View of Skyscraper Model in ADINA

The main difference between 2D frame analysis dbdiite element analysis is that
core walls are modeled with shell elements. Tlge allows for some shear deformation which

was neglected in the previous models. The megaowu outriggers, and axial stiff floor
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members are all modeled in the same way as tha&Def analysis, as frame elements. These
members each have 12 degrees of freedom. Thespore no longer needs to be included for
the 3D analysis. The megacolumns consist of 538&ehts. The outriggers consist of 180
elements. The axial stiff floors consist of 1626ngents. Cross sectional areas were defined for
the changing megacolumn areas moving verticallythg building as defined in Chapter 3.
Cross sectional areas were also defined for theggets in Chapter 3. The concrete core walls
were modeled as shell elements. The concrete comegists of 21,600 4-node quad shell
elements. The finite element model can be sedfigare 4-10. In Figure 4-11 each member
type is represented by color. Figure 4-12 showesdlibse up view of the 4-node quad shell

elements of the concrete core.

Figure 4-10: Zoomed in View of Frame (left) and Meshed Frame (right)

Horizontal loads placed on the building at eaclorflovere the same as in the previous

two analysis methods. The model is now three dsioeral, requiring the loads to be split in half
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at each floor. This can be seen in the Figure 4-IBis method provides a tributary area type
distribution of the loads to the two mega-columns.

To reduce the number of system degrees of freettamslation in the global y direction
and rotations about the global x and z axes wesanasd to be zero (lateral forces act in the
global x direction). The total number of nodeghe model is 100,776. The total number of
elements is 28,788. The total number of degredseetiom is 3 (the global x and z translation

and the global y rotation).

Figure4-11: Colored Member Types
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Figure4-12: Zoomed in View of Shell Elementsin the Core Walls
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Figure4-13: Lateral L oads on the 3D Frame from ADINA
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5  Optimization Methods

This chapter explains the methods used for optigithe sizes of each member in the
skyscraper. Sections include megacolumn, coreigoetr, and floor members. Geometry and

topology are unchanged within each optimizatiommégue.

51 Trial and Error Method

The procedure for trial and error was performecdhinitthe spreadsheet for 1D stick
analysis. There is a design tab within the workshdere sizes can be chosen for each group of
stories in the building for megacolumn areas, ¢bireknesses, and outrigger areas. As each of
these sizes change, they individually effect how Huilding responds to wind and seismic
loading. Table 5-1 shows design values for corektiesses and areas of mega-columns and

outriggers.

Table5-1: Design Variablesfor Trial and Error

Design Variables

stories wall t column A outrig A
m m”2 m”2

1to 10 2.20 0.8 0.16
11 to 20 2.12 0.7 0.16
21to 30 1.80 0.6 0.16
31to 40 1.43 0.5 0.15
4110 50 1.10 0.4 0.13
51 to 60 0.79 0.4 0.12
61to 70 0.50 0.4 0.10
71to 80 0.30 0.3 0.10
81to 90 0.30 0.3 0.10
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Safety factors for wind stress and seismic staessset at 2 and 1.7, respectively. Safety
factors for wind and seismic drift are set to lheTgoal is to minimize the cost of the building.
The optimization is accomplished by iterating teréase member sizes while still maintaining
required safety factors. A decrease in a steeiggér size will affect the cost of the building
more than a smaller size of a concrete member becati the higher price of steel. The
outrigger and megacolumn were first held constahilemoptimizing the core wall thickness.

Next, others were held constant while changing ro@lgann area, and outrigger area.

5.2 Optimality Criteria M ethod

This optimization method uses a gradient basedrithgo. The 2D frame analysis
procedure is used in this optimization. Drift cwagts in the program depend on multiple
members in two dimensions. The program finds @& besign by changing multiple members
at one time in order to meet drift constraints ado avoid stress/buckling violations.

Essentially, the program is minimizing cost, a awnus function, while meeting design criteria.

5.2.1 Kuhn-Tucker Conditions

When an optimization problem involves constraitite, Lagrangian function in Equation
5-1 must be minimized. The design variable vektsra list of the megacolumn, outrigger, and
core sizes.
L(x,2) = f(x) + XiZ1 4i19:(x) (5-1)
It assumes the drift constrairggor each story | are formulated as actual drift usin
allowable drift so they are satisfied whenis less than zero. It also assumes all drift tamgs

are binding at the optimum. The constraint viglatis multiplied by the penalt}; factor, also
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known as the Lagrange multiplier. To ensure thistviolation is minimized the Lagrange
multiplier must be greater than or equal to zero:
A; =20 i =1tom = number of stories (5-2)
The Lagrangian is a function of both the designaldes and the Lagrange multipliers.
The necessary condition for optimality is that ¢inadient of the Lagrangian be zero with respect
to both the design variables and the Lagrange ptieits. Differentiating Equation 5-1 with
respect to Lagrange multipliers gives:
gi(x)=0 fori=1,..,m (5-3)
Differentiating with respect to design variableges:
Vi(x™) + Xi214iVg:(x™) =0 (5-4)
Equations 5-3 and 5-4 are the Kuhn Tucker conditairoptimality if one assumed drift
constraints are binding.
An adjoint sensitivity analysis is performed wh#re derivatives or gradients in
Equation 5-4 are calculated. Adjoint sensitivibabysis is equivalent to the principle of virtual
work where a unit horizontal force is placed athesiory to get the gradient of the corresponding

horizontal displacement.

5.2.2 Algorithm

The optimality criteria algorithm resizes the desigriables according to the following

two equations derived from the Kuhn Tucker condsio
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1] is usually taken as 2. Superscripts refer t@iten numbers. Equation 5-5 is used to
get new values for design variables and Equatiénsbsolved to get updated values of Lagrange
Multipliers.

After determining new values for design variable®inhber sizes), stress constraints are
checked. If any of these constraints are violated, corresponding member is resized by

multiplying by the ratio of actual stress over aléble stress (reciprocal of safety factor).

5.3 Genetic Algorithm Method

A genetic algorithm mimics evolution. In nature,otwarents will create offspring, and
the survival of the fittest occurs between all pfisg and parents. The genetic algorithm
actually has proven to be quite robust for findopgimal designs. With the help of the genetic
algorithm used in this research, member sizes wptiized in the example CMO skyscraper
with a fixed geometry and topology. This methodopfimization will be utilized for both the
1D stick model and the 2D frame model.

Chromosomes must first be created to represengrmesn a starting generation. The
chromosome is made up of genes, with one geneafr design variable (member size). Figure

5-1 shows a typical chromosome.
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Figure 5-1: Typical Chromosome

Each gene in the chromosome for the 1D stick mogi@lesents a continuous integer
bound within the ranges given in Table 5-2. Eaehegin the chromosome for the 2D frame
model has an integer value corresponding to a noavgection table. The section table is a list of
cross-sectional properties (I, A, etc.) for difierenember sizes. These member sizes are used
for megacolumns, outriggers, and core. The vdoethe 1D stick model and 2D frame model,
whether continuous or discrete, allow the mega+oaki to fluctuate cross sectional areas along
with the core and outriggers. Each chromosomeenstarting generation represents a complete
design of the skyscraper. The first nine genebénchromosome represent the nine megacolumn
sizes. The second nine genes represent the ezag and the last group of genes represents the
infinite core, floor member, and outrigger sizes fitness value is calculated for each design or
chromosome. The fithess determines cost and ef@asss in meeting drift and stress
When any of the

constraints. In other words, fithess explains hgeod the design is.

constraints are violated, the fitness is penalized.

Table5-2: Member Area Rangesfor Continuous Values

m”2 in"2
min max min max
Core 20.00 230.00 31000 356500
Megacolumn| (.20 0.90 310 1395
Outrigger 0.03 0.50 47 775
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A group of starting chromosomes, or parents, islearly generated and a tournament is
created. The tournament takes the ‘size of toueminmumber of parents randomly from the
starting generation and compares their fitnessamsigone another. The best parent is chosen as
the mother. Another tournament of parents is raemygaenerated, and the best parent is the
father. A random probability is compared with theossover probability. If the random
probability is smaller than the crossover probahilcrossover is performed. If not, the mother
and father are copied over directly as childrere genetic algorithm uses blend crossover for
the 1D stick model and uniform crossover for thef2ibne model to create new children. Blend
crossover allows children designs to receive ranglalnes anywhere in between the values of
the mother and father. A random number betweeraadezero is generated for each gene in the
chromosome. lk; is the mother value ang is the father value, then the children valyesnd
y, are:

Lyi=@)x+A—-1)x;
2.y, =(1—1)x; + (Nx,

With uniform crossover, a random number betweenamtkzero is generated for each of
the genes in the chromosome. For a particular,géne is the value from the mother design
andx, is the value from the father design, then theesjy andy, for the children designs are:

Lifr<05 y,=x Vo = Xq
2.ifr=05 y;,=x; Vo = Xy

This process is performed again and again, urgérgeration of new children is formed.
In addition to crossover, mutation will also randgnoccur within the children. A random
probability is chosen gene by gene, and this pniibais compared with the chosen mutation

probability. If the random probability is smalldgran the mutation probability, the value in the
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gene will be replaced by another random integeis tiroduces some new variation within the
children designs that was not initially presenthia starting population of designs. The mutation
used in the genetic algorithm for both models wgsadiic, meaning that the further into the
generations the algorithm moves, the amount of fimmnt@ccurring diminishes.

All fitnesses are then measured, and parents Eweal to compete against the children.
The most fit parents and children are then taketh@asiext generation. The process of parents
competing against their children is called elitism.

After a specified number of generations are dewadophe top designs are taken as the
optimal designs from the genetic algorithm. Prolias for crossover and mutation, along with
the generation size and number of iterations canmimipulated to achieve the quickest
convergence to an optimized group of solutions. pammeters used in the genetic algorithm
for 1D stick are shown in Table 5-3. The paransetesed in the genetic algorithm for 2D frame
are shown in Table 5-4. The genetic algorithm gisihe 1D stick model will be compared with
the trial and error optimization. The genetic aitdpon using the 2D frame model will be
compared with the optimality criteria optimizatiofor each of these comparisons cost is being

minimized.
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Table 5-3: Genetic Algorithm Parameters 1D Stick M odel

generation size 100
number of generations 1000
tournament size 5
crossover probablility 0.6
mutation probability 0.1

Table 5-4: Genetic Algorithm Parameters 2D Frame M odel

generation size 50
number of generations 30
tournament size 10
crossover probablility 0.6
mutation probability 0.1
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6 Results

Comparisons of the analysis and optimization methaere made. The results will
compare deflection values in analysis becausedtfteis the controlling criterion in the design

of skyscrapers.

6.1 Analysis

Figure 6-1 shows the wind and seismic forces ldgeel from the spreadsheet. Each
lateral force represents a point on the graph laed tonnected by a straight line to show the
changes in weight and force with each story. Notiat the seismic force jumps by the
outrigger weight every ten stories. The maximataral force for wind is 202 kips, and the
maximum lateral force for seismic is 383 kips.

In Figure 6-2, the safety factors from 1D stickeasis are plotted vs. height. Note that
seismic stress controls at the bottom and wind doifitrols at the top. The allowable wind drift
safety factor is 1, the allowable seismic stre$stgdactory is 1.7. This design is feasible and

very close to optimal.
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Figure 6-2: Safety Factor Analysis

Figure 6-3 shows the deflection of the skyscrapelen wind loading. All analyses are

shown in this graph. The values from the 2D framné 1D stick analyses are very close to those
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of the 3D finite element analysis. The 1D sticklgsia is a more conservative analysis with a
maximum deflection of 28.7 inches versus the 2In&analysis with a maximum deflection of

25.5 inches.
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Figure 6-3: Wind Displacement
Figure 6-4 shows the deflection of the skyscrapeleu seismic loading. All analyses are
shown in this graph as well. The 2D frame analgsid 1D stick analysis have comparable

results to the 3D finite element analysis, oncerageoving these analyses are both successful in

approximating the skyscraper’s structural respoidee 1D stick analysis is more conservative
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with a maximum deflection of 36.9 inches, while #i2 frame analysis has a maximum

deflection of 32.9 inches.
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Figure 6-4: Seismic Displacement

Figure 6-5 shows the deflected building under tlhedvwoads from the 3D finite element
analysis. The legend for the coloring of the memsitshows the amount of deflection occurring
in the skyscraper. The maximum displacement ocatirthe top of the exterior left mega-
column. This value is 30.34 inches. This valuelatéral deflection is close to the values
calculated from the 1D stick and 2D frame analysé&fie maximum value for the 1D stick

analysis was 28.7 inches. The maximum deflectégeviar the 2D frame analysis was 25.5.
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Figure 6-5: Wind Deflection from 3D Finite Element

Figure 6-6 below shows a similar output from the ffdte element analysis for the
seismic loading of the building. The maximum defilen is 39.1 inches. The finite element
analysis proves to be the most conservative andithest calculated value of deflection for the
example CMO skyscraper. The 1D stick analysis ides/ the closest approximation to this

result.
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Figure 6-6: Seismic Deflections from 3D Finite Element

Figure 6-7 shows the deflection in the core in Biitd element analysis that could not be
seen in the previous figures because of the firrmobthe mesh within the core. Notice that the
deflection seen in the megacolumns and outriggersglor) is also distributed into the core in

the same magnitude (color). This shows the acgwhthe system working as a whole.
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Figure 6-7: Deflection in Core

6.2 Optimization

The optimization results for the 1D stick model al®wn in Figure 6-8. The cost is
shown below each design. The cost is calculatechibyiplying cost of material by volume of
material for steel and concrete respectively. Eafdne wind drift safety factors are above and
close to two for these feasible designs. A goalgieis considered to have decreasing size in
members up the building which can be seen in Figu8e The genetic algorithm produced a
design of structure that was 13% cheaper thanridleand error optimization design. The time
for optimizing by the trial and error method wassd to ten minutes while the genetic algorithm

using stick model was instantaneous. This prowvebe a much more efficient method for
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optimization, especially as design problems beclamgger. Trial and error becomes significantly

more strenuous and difficult as the size of stmecincreases in size.

Trial and Error Genetic Algorithm
Area Area

in2 m2 in2 m2

1247 0.80 1334 0.86

1097 0.71 1216 0.78

939 0.61 1208 0.78

782 0.50 1247 0.80
MegaColumn  — 625 0.40 1237 0.80
625 0.40 985 0.64

625 0.40 795 0.51

470 0.30 528 0.34

468 0.30 386 0.25
341000 220 331579 214
328600 212 311483 201
279000 180 252266 163
221650 143 212124 137

Core — 170500 110 170198 110
122450 79 144378 93
77500 50 118644 77
46500 30 66785 43
L 46500 30 34549 22

465 0.3 166 0.107

465 0.3 145 0.094

465 0.3 163 0.105

465 0.3 167 0.108

Outrigger ) 465 0.3 160 0.103

465 0.3 123 0.079

388 0.25 87 0.056

388 0.25 76 0.049

388 0.25 51 0.033

Cost $14,947,677 Cost $13,022,598

Figure 6-8: Optimized Designsfor 1D Stick Model

The optimization results for the 2D frame model sinewn in Figure 6-9. The cost of
each design is shown at the bottom of the figuteutated the same as in the 1D stick model
results. The wind drift safety factors are abowe alose to 2 as well proving to be feasible
designs. The genetic algorithm produced a dedigih was 10% cheaper than the design

produced by the optimality criteria method. Wheorenthan one outrigger size was used in the
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optimality criteria method, oscillation occurredh drder for the optimality criteria method to
converge, only one outrigger size could be chosEms shows the deficiency of the optimality
criteria method when compared with the geneticralgm for the 2D frame model. The genetic
algorithm uses larger megacolumn and core sizesder to allow a smaller size of outriggers.
The genetic algorithm has the capability of searglaver a larger number of designs, resulting
in the least expensive design. The time requicgptimization by the genetic algorithm was
30 minutes for the 2D frame model. This was gretitan the optimality criteria method which

was 15 minutes.

Optimality Criteria Genetic Algorithm
Area Area
inz m2 inz m?2
1395 0.90 1364 0.88
1240 0.80 1147 0.74
1085 0.70 992 0.64
930 0.60 899 0.58
MegaColumn 775 0.50 744 0.48
697 0.45 744 0.48
620 0.40 713 0.46
542 0.35 589 0.38
418 0.27 496 0.32
372000 240 328600 212
372000 240 328600 212
306900 198 291400 188
234050 151 217000 140
Core - 172050 111 189100 122
113150 73 114700 74
62000 40 86800 56
31000 20 68200 44
L 31000 20 40300 26
465 0.3 310 0.2
465 0.3 310 0.2
465 0.3 264 0.17
465 0.3 202 0.13
Outrigger “ 465 0.3 155 0.1
465 0.3 109 0.07
465 0.3 109 0.07
465 0.3 47 0.03
465 0.3 47 0.03
Cost $15,385,622 Cost $13,786,421

Figure 6-9: Optimized Designsfor 2D Frame Model
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7 Conclusions

7.1 Analysis

The 3D finite element analysis is regarded as thstraccurate analysis method of the
three methods compared in this thesis. The 1 sim@lysis showed an average error of 5.5%
while the 2D frame analysis showed an average @ird5.9% when compared with the 3D
finite element analysis. This larger error is doethe core spine modeling method. The
infinitely stiff core spine members at each flooeate additional stiffness for the structure
causing this error. The 1D stick analysis is thestbapproximate analysis for the CMO
skyscraper shown by the work in this thesis. Idi@@h, when taking into account the time
taken for the CMO skyscraper model to be createtar8D finite element analysis, the 1D stick
analysis becomes even more appealing. The conmput@ine taken for the 3D finite element
analysis was 20 minutes while the 1D stick analy&s instantaneous. This research shows that
when approximate analysis is required, the 1D gtieithod is the best in estimating structural

response.

7.2 Optimization

Considering the optimization methods for the 1Bkstnodel, the genetic algorithm
method proved to be the best in minimizing cost mee@ting constraints. The genetic algorithm
was instantaneous in run time. Even with the gemmeraumber set to 1000, the genetic
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algorithm took less than 5 seconds to run. Thetgealgorithm method also provided a
structure that was 13% less expensive than tHeatrcherror optimized design.

For the 2D frame model the genetic algorithm ageas better than the optimality
criteria method for the CMO skyscraper becauseotiged the cheapest design. The genetic
algorithm was also the best method due to the @pitiyrcriteria’s non-convergence and constant
size for outriggers. The execution time for théraplity criteria method was 15 minutes and for
genetic algorithm 30 minutes. Although the genalgorithm took more time to run, it proved
to be the best method for optimizing the CMO skgper because it found a feasible optimum
that was 10% less expensive.

All methods for 1D stick and 2D frame provided fbésdesigns, meeting constraint
requirements and developed designs that had demjeasmber sizes up the structure (except in
the single outrigger size case for optimality ¢rde Considering the purpose of this research
for future design of the Greenplex, the genetioalgm combined with the 1D stick model is
the recommended method for finding the optimumglesMWhen additional buildings and
bridges will be added to the structure, the geradgorithm using the 1D stick model will be
capable of searching the design space for an optimwa much shorter amount of time than the
2D frame model. The research has also shownhkajenetic algorithm provides the cheapest

cost of structure.
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