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The threat of wingtelated hazards to vulnerable coastal locations necessitates the
development of economicapproaches to design and constresilient buildings.

This study investigates using a cypdrysical systems (CPS) approach as a
replacement for traditional tri@nderror methods for civil infrastructure desitypm

wind loads The CPS approach combirteg accuracy of boundary layerngi tunnel
(BLWT) testing with the efficiency of numerical optimization algorithms. The
approach is autonomous: experiments are executed in a BLWT, sensor feedback is
monitored and analyzed, and optimization algorithmsatBgbhysical changes to the
modelthrough actuators. The cyberinfrastructure for this project was developed with

the collaboration of multiple researchers at the University of Florida Experimental



Facility (UFEF) under the Natural Hazard Engineering Reselafrastructure
(NHERI) program.

A proof-of-concept was developéd optimally design the parapet wall of a
low-rise building. Parapet walls nhominally reduce suction loads on the roof but lead
to an increase in positive roof pressure and base sheagchatnonidow-rise
building modelwas createavith aparapet wall oadjustableheightfor BLWT
testing Various singleobjectiveoptimization algorithms were implemented to
minimize the magnitude of roof wind pressundallti-objective optimizatiorwas
used to simultaneously minimiz®th the magnitude abof suction pressures and
building base shear. A multibjective procedure can considee competing
objectives of multiple stakeholdesfien present in engineering design

The CPSapproach was extdied to optimize the performanoéa landmark
tall building for wind loads A 1:200 multidegreeof-freedom(MDOF) aeroelastic
model was created to represent the building in a BLWT. Aeroelastic models directly
simulate the scaled dynamic behawbthe bulding including effects of
aerodyamic damping, vortex shedding, coupling within modes, and higher modes.
The model was equipped with a series of variable stiffness devices (adjustable leaf
springs) in the base to enyanicee qui ck adjus
Additionally, the model ws equipped with an active fin system (AFS) consisting of
individually controllable fins installed at the four corners to modify the building
aerodynamics and suppress vostectuced vibrationsMultiple design problems we

expl ored wher anics dncaerodyrthraids dvare reffiged asing heuristic



optimization algorithms to minimize costs while satisfying acceleration and drift
limits.

The traditional dsign process for wind requiréengthy collaboration
between dgigners and wind tunnel operatofiis process may include the
construction of a limited set of building models, leading to aexdraustive
exploration of potential designdsing mechatronic modetgiided by optimization
algorithmsenables optimum desig to be attained quicker than gentional
methodsIn future work, the proposexyberphysical framework can be expanded to
integrate machine learning and other computational toateprove efficiency and

reduce the reliance on experimental testing.
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Chaptlenrt rlooduct i on

1.1 Background and motivation

The number of deaths frogevere winerelated weather events (e.prnados,
hurricanesandtropicd stormg comprised 34.3% of all deaths from natural disasters
in the United States from 2000 through 2@t8l accounted for a combin$d11.57B
of property damagg®ational Weather Servic@00L 1 2019). Wind-related hazards
have the potentidb becomean increasig threat as vulnerable coastal locations
within the United States continue to sesasly population growth bilack a
corresponding increase in evacuation route capécimpen 2019) As a resultmany
coastakities will have tarely onsheler-in-placestrategiesThe significant loss of
life andeconomic losslue to windrelated weather evenasdthe expected
population increase in vulnerable areas highlightongoing need tdevelop new
economical means to deliver buildinggpable of swiving extreme wind events

A boundary layer wind tunnéBLWT) is the primarytool in wind
engineering to characterize the pressure loading on-sénditive structures. In
particular, BLWTtesting is valuable when studying new structures for which the
simplified provisions of ASCE @are inadequate or computational fluid dynamics
(CFD) approaches cannot be appl with confidence (ASCE-16). Recent advances
in computationallybased optimiz&bn techniques for structural desigtow for the
examinatiorof more complex structureMetaheuristic algorithms such as particle

swarm and genetic algorithms are problieihependent algorithms that efficiently
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explore a complex solution space, prorginew opportunities to study multariate
and multiobjectiveoptimization problems. New optimization techniques are
promising for delivering costffective design solutionbut they must be combined
with method such as BLWT testing to accurately eahkithe candidate solutions
under wind loads

This dissertatiomproposes the use of cybginysical systems for optimal
design in wind engineering. The approach is fully automated, with experiments
executed in a BLWT, sensor feedback monitored by apéflormance computer,
and optimization techniques used to bringuwtiphysical changes to the structural
model in the BLWT. Because the model is undergoing physical change as it
approaches the optimal sol ut i-iethemodeh idos
testing.

There are two buildings selected fodependenstudy; first, a low-rise
building with a parapet wall andecondalandmark tall buildingParapets are
common on industrial and commercial buildings and help to alleviate extreme roof
wind loads (Koppet al, 20053 Kopp et al.2005h Kopp et al., 2005dylans et al.,
2005. Parapet walls alter thedation of the roof cornerortex mitigatingthe
extreme corner and edge suction loads on the roof of the building. Conversely,
parapet walls increase the downward neofd loads which combine with other roof
loads. Ths influencefrom parapet heighdn roof wind loadsreatesaaninteresting
optimal structural design problehe determination of an optimal parapet height
using thetraditionaldesign guidance of ASCEIA& is difficult due to the lack of

refinementin regard tahe distribution of parapet loading.
2
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A mechatronic modevas created with a variable height parapet wall to
capture the impact of parapet height on building performancemddeb parapet
height is adjusted automatically using semotors to reach a particular candidate
design. The building envelope is inshented with pressure taps to measure the
envelope pressure loading. The taps are densely spaced on thedamiformly
spaced elsewhete provide sufficient resolution to capéuthe change in roof corner
vortex formatiorandthe behavior of wind othe remaining structureespectively

The second building selected for this study is abtailding represented as an
aeroelastic model in the BLWT. To capture the impact of defggisions regarding
building dynamics and aerodynamics, the model hasdapendently adjustable
stiffness and aerodynansbape The stiffness properties govern the natural

frequency of the building and af filect

t

he

S

di spl acements and accel er anessmduce$averdlincr easi

deflections. Conversely, a stiffer building increatbesaccelerationsvhich affect
occupant comforfThe aerodynamic propertiesde external shape of the lding)
significantly alter the winétructure interaction and either rmyiite or intensifyhe
structural dynamic responsEhe influence from stiffness and aerodynamics on the
structural dynamic response of the building sets up an interesting optingal desi
probdem with nontrivial solutions.The determination of an optimalfftess using

the traditional design guidance of ASCHGEis difficult due to the simplified
provisions, while the determination of an optimal shape usingi€BLficult due to

thechallenge with numericallgnodelingtheturbulentflow around bluff bodes
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In the BLWT, the model stiffness is adjusted automatically using servo
motors and variable stiffness devices (VSDs) to reach a particular candidate design.
The physical adjustmenf the aerodynamic properties (i.e., shapfehe specimenrs
achieved throgh stepper motors and an active fin system (AFS) consisting of
individually controllable fin assemblies. Theo d estrugtsral spine is instrumented
with accelerometers to measwaccelerationalong the height of the buildirend
laser displacement sarsto capture deflections at the r@ight and top of the
building. Both accelerations and deflections are captured in the local along and cross
wind directions All experimentsare conducted using a BLWT locatatthe
University of FloridaNatural Hazed Engineering Research InfrastructuréH@RI)

ExperimentaFacility.

1.2 Overview of dissertation

This dissertation uses cybphysical system@CPS)to optimize the structuralegign
of both a lowrise building with parapet walls and a tall buildwgh independently
adjustable stiffness properties and aerodynamic sfAdggefocus of this dissertation
is the development of a cybphysical approacto the optimal design of strwzes
for wind hazards. The overall goal of this reseasdb improve the #iciency and
accuracy of the optimization process for wgghsitive structures under user
specified objectives. This study investigates design parameters that have a non
monotornc influence on the performance of wisénsitive structure#\ description

of the contents of each chapter is provided below.
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Chapter 2 contains a detailed review of current knowledge regarding the effect
of wind on both lowrise buildings with parapetand tall buildings and previous
studies on different optimization techniquasieview of current practices using
BLWTs and constructing building models is also presented.

Chaptes 3 and 4 cover the BLWT model design and CPS optimization of a
low-rise building with a parapet wall. Chapted&cusses the experimental
equipmentandsensor instrumentatiamsed fothe BLWT testingof thelow-rise
parapemodel The method of processing the measured pressure data into the non

dimensional pressure coefficiemt and the application of the Gumbel distribution to
obtain the maximum an@inimumo values is explained as wellhe model

development is described, including the geometry, scaling, a description of the
materials and components which areusedit he model 6s fabricati on
physically adjustable model design variablehsf buter parapet wall height.

Chapter4 presents theetup andesults of the different optimization runs
obtained using thiew-risemodel. A combination of nestochasti@and stochastic
singleobjectivealgorithms were implemented for separate optimization runs to
minimize the magnitude of suction and positive pressures on the roof, followed by
stochastic multbbjective optimization to simultaneously minimize the magnitafde
suction pressures and minge base shear.

Chaptes 5 through 9 cover the BLWT model design and CPS optimization of
a tall building.Chapters discusses the experimental equipment and sensor
instrumentation used for the aeroelggiad! buildingmodel The process for

integrating Kalman filtering to estimate the fedicale building responsgintroduced
5



111 The development of the aeroelastic model is described, including the model geometry

112 and scalingas well as the materials and components whichsgedlu i n t he model 6
113 fabrication.

114 Chapter Gntroduceghe variable stiffness devices (VSDs), the physieally

115 adjustable actuation device to adjust the model structural dynamic properties (i.e.,

116 stiffness). The initial system identification to validate the ¥%Dd the cyber

117 physical setufor dynamic optimization are presented as well.

118 Chapter Tcovers experimental results and discussion using the VSDs to

119 optimize the buildingbés dynamics. A test m
120 on building performances first presentedThe approeh tooptimal design

121 considering model stiffness is then presented, and the results of the different

122 optimization runs obtained are subsequently presented. Stochastieotijegitve

123 algorithms were implemented for sepampéimization runs to minimizeéhe

124  acceleration or displacement resp@tsethe structure.

125 Chapter 8ntroduces the mechanics of an active fin system (AFS) for

126 modi fying the buil diThegybepbydiallsdéiupfoaer ody nami c
127 aerodynamic optimizain and the approach to perforgiaerodynamic optimization

128 is subsequently introduced.

129 Chapter Tovers the experimental results and discussion using the AFS to

130 optimize the buildingbés aerodynamics. Firs
131 impad of various fin angles on bdiing performanceThe results of the different

132 optimization runs incorporating the AFS are subsequently presented. Stochastic
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singleobjective algorithms were implemented for separate optimization runs to
minimize the accelation or displacement responsethe structure.

Chapterl0 summarizes the research thagpisesented in this dissertation.
Recommendations for future work are proposed in regard towhase parapet
model andhe aeroelastic tall building modédditionally, improvement in
efficiency to the CPS approach are proposed through the inclusion of machine

learning
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ChaptlLert eZ:ature Revi ew

This chapter presents a review of the literaturéhereffects of wind on buildings and
the structural design prodere, with a focus on lowise buildings with parapets and
tall buildings. A brief review oboundary layer wind tunneB{LWT) testing

procedurs and model costruction, with a focus on rigid models and aeroelastic
models,is also includedNon-stochasti@nd stochastic optimization tatiques are
described in detail for both singtdjective and multbbjective optimization

problems.

2.1 Cyberphysical systems

CPSs link the real world with the cyber world, leveraging the capabilities of
computers to monitcand control physicalttributes (AtHammourj 2012). Common
components of CPSs include sensing, actuation, and communication systems for
interfacing, computation for executing numerical models or algorithms, and a
physical phenomenon of interest. Thelaggtions for CPS in @il engineering are
diverse, including hybrid simulation (Shi@gMahin, 1984 Takanash& Nakashima
1987 Shing et al.1996) online health monitoring and model updating (S&ng

Dyke, 2013), and decisiemaking frameworks (Lin etla2012). In civil engneering,
experimental testing is essential to capture complex behavior for which numerical
models are insufficient (e.g., strong nonlinearities, new devices and materials, and
complex loads such as wind loads on bluff bodies). lehlysiodels that captutbese
behaviors can be linked to numerical algorithms to create a versatileptysacal

framework. Experimental testing has experienced a revolution through the use of
8
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CPSs. Applications including the substructuring of physigstiesns and the
substruturing of optimization algorithms are explored below.

In civil engineering, the first use of CPSs as an experimental method began in
earthquake engineering with what is now known as hybrid simulation (&hing
Mahin, 1984 Hakuno et b, 1969 Takanash& Nakashimal987). Hybrid
simulation is a type of hardwein-the-loop (HIL) test where the structural system is
separated into numerical and experimental components that are linked together
through a loop of action and reaction usamguators and sensors. In this way, the
entire structural system is evaluateith a cost savings in the numerical components
and enhanced realism in the experimental components. Hybrid simulation
traditionally uses an extended tirseale for the experiméad components, capturing
the quasistatic nonlinear behavior of the specinvamile modeling damping and
inertia numericallyThe development of ratdependent structural control devices
such as base isolation bearings and fluid dampers spurred intexegairding hybrid
simulation torun both experimental and numerical composé@mtreal time The first
modern reatime hybrid simulatiofRTHS)was conducted by Nakashiratal.on a
single degree of freedorystem(1992)

Figurel shows an incomplete set of applications of CPS in civil engineering
with a focus on experimental testing in earthquake and wind engineering. HIL testing
has been developed for earthquake engineering in the form of hybrid simulation and
RTHS. Similar HL frameworks can be developed for wind engineering to study

complex problems such as progressive failure and-fitriscture interaction,
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represented by t he dasddevateinsttekopsiesingt h X6 s u
group inFigurel.
Another opportunity for CPS in civil engineering is a substructuring of the
optimization process, shown in tigberPhysical Optimization Groum Figurel.
Key to this framewdk is the numerical exploration of the design space coupled with
the experimental creation and evaluation of a candidaigrdésxperimental
evaluation can take the form of either traditional testing methods (e.g., BLWT) or
HIL methods (e.g., RTHS). Therfoer is explored in this paper using a mechatronic
specimen to explore candidate designs subject to accurate wind loashtefaising
a BLWT. This appl tndemoodel o sopermedatfii oop(L
because the model is iteratively adaptingamian optimatonfiguration. The name
i s compl e me nib-thel yo otpad merditlac @dpwa rteest i ng whe
instead of substructuring a physical system, a physical s@sgroperties are
iteratively adjustedhrough optimizationAdditional posibilities for cyberphysical
optimizationar e i denti fi ed wi tHgurelafer bxangdplebox es and
hardwarein-the-loop optimization, which combines HIL testing with LIMO.
There are many opportunities fdeveloping new cybgphysical experimental
techniques acrescivil engineering as identified Figurel. This study takes a new
approach, namely the substructuring of the optimization process, to create a new
famly of experimental methods with rich possibilities for improving structural

design.

10
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Figurel. CPS experimental methods in earthquake and wind engineering

2.2Boundary layer wind tunnel testing

BLWTs are the primary toolsgl by wind engineers to characterize wind loading

acting on civil structures. The continued reliance on experimental BLWT testing can

be attributed to ongoing challenges with numerically modeling the flow structure

around bluff bodies, such as buildingfese wind tunnels simulate the atmospheric

boundary layer structure where the flow is conditioned through a series of mixing

devices to generate target turbulence characteristics in the flow. Typical BLWTs

consist of vortex generators and a long fetctooghness elements for boundary

layer development. Building models are placed downwind of the roughness element

grid, as illustrated ifrigure2. Theboundary layer flow at the test section is validated

using analytial and empirical models of the mean velocity and turbulence intensity

profiles ESDU, 1974).
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Figure2. Boundary layer wind tunnel with model lenge building, upwind view.

2.2.1Boundary layer wind tunnel buildingodels

Scded building models are immersed in turbulent boundary layers simulated in the
BLWT to accurately characterize wimdduced effects. The models are commonly
instrumented with sesors to capture the pressure distribution or structural response.
Typical modébuilding scales range from 1:10 to 1:100 for 4age buildings and

1:200 to 1:600 for tall buildings. These model scales are carefully selected depending
on several factors aluding geometric scaling requirements of the incoming flow;

such as the depthf the simulated boundary layer; and the BLWT ciession

(blockage effects). Building models are constructed to be either rigid or aeroelastic

depending on the subject of dyu

2.2.1.1 Rigid models

Rigid models allow for the study of the effect of @iaon themain wind force

resisting systemr components and claddirtigrough the analysis of surface pressure
12
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measurements. Differential pressures from taps on the model bisldiages are
measured simultaneously using a pressure scanner, such aalSead®C33
(2016). For each test the rdimensional pressure coefficient,, can be calculated
using the equation
n n

Y OY 1)

Valyo)

wherern is the wind pressure on the sudaaf the modemeasured by Scanivalvg
is the static pressure at the reference heggitt; is the air densityThe reference
height for all tests is taken to be the eave height of the building model. In order to
estimate this value, a referencendspeed measuremeft, is obtained from pitot
tubes above the boundary layer. This reference wind speed meastirethen
converted to a mean wind speed at the eave height through a conversiofifactor,
The sign of the pressure coeféat indicates the direction of the wind pressure on the
surface of the model; a positive value indicates wind pressure amtvagds the
surfacewhile a negative value indicates awagm the surfaceThed values could
be normalized differently foromparison with ASCE-16 values; however, this was
not necessary for the scope of the work herein.

Themaximum andninimum pressre coefficientare often estimatefor
each wind attack anglesing a Gumbel distribution (Coék Mayne 1980) The
Gumbel dastribution fitting method is a commonly used method for estimating peak
pressures on lowise buildingsThe cumulative distribign function (CDF) for the

Gumbel distribution is

13
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O AOPAGBH 6 o 2

252 wherg (scale factor) and (mode) are the shape parameters to determine based on
253 the observed peak§he measured record of of modetscalelength”Yis divided

254  into &€ segmets of equal lengtfrom which he peaki.e., maximum and minimumn

255  pressure coefficients from each segment are takemlargespeak’y (&

256 phchB [E from each segment is extracted &nen ordered in magnitude from

257 smallest to largesi probability of nonexceedancq is assigned for each peak

258 according ta) ——. The reduced variate is calculated fronw

259 A@DAGP .Y vs.w isplotted fora  phgiB e, and linear regression is
260 used to estnate theGumbelshape parametersando (Gavanski et aj2016).
261 Values of¢ 50 andn = 78% are commonly used. In this casegjwen probability

262 of nonexceedance afP estimates the maximum and minim@mvalues using the

263 N percentile.

264 2.21.2 Aeroelastic models

265 The main objective of aeroelastic modeling is to obtain an accurate pyedaitthe

266 structural response under a given wind loading. This is achieved when both the wind
267 and the structure are properly modeled such that the modetus&alynamically

268 responds to the loading in a similar manner as thesfalle structure. Aeroelis

269 models are used to study flustkucture interaction and capture the static and/or

270 dynamic structural response, such as displacements or acceleragoredastic

14
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modeling removes the approximation of wimdiuced effects by directly measuring

the dyramic loads in the wind tunnel.

2.3 Optimization technigues

A cyberphysical optimization frameworfe.g. LIMO)can be built around any
optimization algorithnby replacing the evaluation of a numerical model with

physical testing. Populaptimizationalgorithms are broadly categorized as
deterministic or stochastic. Deterministic optimization algorithms involve no
probability or uncertainty when determiningethest solution for the objective,

whereas stochastic methods introduce a use of randomness in an effort to escape local
optima. Deterministic methods are further classified as to those which require
convexity(gradientbased methods) and those which db(eq., pattern search
methods or the simplex method). Stochastic methods are problem independent and
better suited for solving muitbjective and constrained problems without the need
for gradient informatn (Luke, 2013; Talbi, 2009). Gradielnhsed m#ods are faster
than stochastic methods assuming that the function is not difficult to solve (i.e.,
smooth, low dimensionality, and/or separability), but stochatgarithms broadly
explore @andidate solutinswithin asearch spad® avoid premature docal

convergnce which can lead to nemtuitive solutionsor complex optimization
problemsThereforethere is no guarantee that a global optimal solution, or even
bounded solution, will be founasing $ochastic method&erez& Behdinan2007).
Additionally, due to the inherent randomness of stochastic methods there is no

guarantee that repeating an optimization process will result in an identical optimal

15
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result. Alternatively, because there is no ptolitst or uncertainty assumed for

deterministiomethods the optimal solution to a problem is expected to be repeatable.

2.3.1 Nonstochastic optimization

2.3.1.1 Goldersection search

Based ora preliminary test matrix exploring the effects of parapethieigd wind
angle on roof pressurgheoptimd parapet height for minimizing the magnitude of
peak suction pressuon the roof and parapet surfaces (i.e., the inner parapet walls
and top of the parapet) considering all approach amgkasticipated t@ccur at one
unique height (i.e., a unimodalgtriem). Golden section searchg§ is a non
stochastic, deterministic optimization technique for finding the extremunstatdy
unimodal function by successively narrowing the search spitleie which the
extremum is known to exist. The GSS algoritisrsimilar to the bisection method
becausét iteratively reduces the search space, iadérives its name from the fact
that the length of the search space is linearly reduced each iteration by the golden
ratio (Luenberge& Ye, 1984). The GSS igxploredherein for its simplicity and
quick convergence

Assume that a functioifis unimodal on the intervatdto. The search space
is divided into three sectionéfo , @ , and @ fo by adding two intermediate

points,w andw as shown irFigure 3.
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Figure 3. Sections of golden section search for a unit interval.
The function is then evaluated at the two intermediate points and the f@su)tand
"Qw ) are compared. The subinterval of eithét or & hd canthen be discarded
such that the minimum (for minimization) is bracketed within the remaining
subintervaNazareth& Tseng 2002. The locations ofo andw are chosen so that
two conditions are satisfiedy ando are equidistanfrom dandcrespectively, and
the ratio of lengths of the three interval3D 0 70 , is constant. Based on these
two conditions) ¢ e 0.618,and) p <+ e 0.382. Asaresult, only one new
function evaluation is needed evergesessive iteratiofor the standard GSS
algorithmas one of the previous intermediate points is reused. The two intermediate
points are calculated according to the following,

(bd)(f)ﬂd)p- (3)
O b b G (4

BLWT testing is subject tancertainty peak pressures tend to vdrgm experiment
to experiment for the same specimen configuratog., same parapet height and
wind angle) To some degree, this uncertainty is mitigdtgdestimating peak

17



325 pressures from the data (e.g., using extreme value analysis) rather than directly using
326 instantaneous peak pressures (i.e., simple worst peakahelinis paper uses a

327 FisherTippet Type | (Gumbel) extreme value distribution to estenmegak pressures.
328 Despite the application of the Gumbel distribution, variability in the estimate of peak
329 pressures remais@vanski et al2016. Peaks may bénked toa specimen

330 configuration thats not truly representative of that configuratidme b the chaotic

331 nature of windand the experimental error from the Scanivalve pressure scdner
332 avoid sensitivity ta nonrepresentative tegte., an outlier)the standard GSS

333 algorithm is modified such that the previous intermediate ploatts rewsed will be

334 retested rather than directiging test resultsom the previous iteration.

335 With each iteration, theearch spacde reduce around the extremum until a

336 predefined tolerance fahe remainingsearch spacsize is metThe tolerance is

337 defina as the precision at the final iteratioithe calculatedextremumBased on the
338 linear reduction of the search space bfpr each iterationthe number of reqied

339 design iteration® for a given tolerancéyé aan be predetermined according to the

340 following,
@ Gze YEQ (5)
P9 “YE &
0 # (6)

341 2.3.2 Stochastic optimization

342 2.3.2.1Particle swarm optimization
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Particle swarm optimization (PSO) is a populati@sed stochastic optimization
technique. Particle swarm optimizationmics the social behavior wheae
population of inlividuals adapts to its environments by discovering aimdlyo
exploring promising regions. This swarm intelligence method is based on the
simulation of social interactions of members of a species, such as the movement of
flocks of birds, schools of fisland swarm of bees. Particle swarm optimization was
inspired by evolutionary programing, genetic algorithmsndevolution strategies
and shares similarities with genetic algamghand evolutionary algorithms.

Particle swarm optimization is a ngmadien-basedmetaheuristic
optimization methodTalbi, 2009) Non-gradientbased optimization techniques are
especially useful in solving problems in structural engineering due to their versatility
in handling multiple design variabld2article swarm optimetion efficiently
explores a largaumber of andidate saltions over a largsearch spaceithout
prematurely convergingyhich can lead to nemtuitive solutions The technique is
simpleto programbecause it ian inherently iterative process reliamtanly afew
formulasto govern the iteration€omplexities only arise in the analysis of candidate
solutions (e.g., in wind engineering) and calculation of the objective function. Also,
the problem definition does not require continuity and is capalfiarafling
nonlinear, nonconvex design spacessdmparison to genetic algorithpteere is no
mutation calculationponly thebestperformingparticle transmits information to the
others.As ametaheuristic methogdthere is no guarantee that a glotyatimal
solution or even bounded solution will beund (Pere& Behdinan2007) Because

the solution is not necessarily optimal, the solution from a PSO algorithm is more
19



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

precisely termed a sutptimal solution Additionally, probabilistic search algorithms
tend to require more function evaluations tigaadientbased methods to reach an
acceptable optimum solution. The technique is also very slow to working out local
optimal solutions and may gravitate toward
techngue overall is relatively new so limited studies/e been performeelated to
structural engineerindiowever research is actively being conducted to improve the
optimizationframework with specific structural engineering considerations

In the contexbf structural engineering, the swarm represargsoup of
candidate design solutions. Each particle within the swarm is a candidate design
which consists of aN-dimensional finite position and velocity. The position refers to
the values oN design panmaeters (e.g., crossectional areas of the membewhile
the velocity refers to the changes in the design parameters from one iteration to the
next. The position of the particles is often initially randomly distributed throughout
the design space. Thesandidate solutions then iteratively move thromgththe
search space seeking better positions with the expectation that the swarm of particles
will move toward the best solutions. This process is repeated either for a
predetermined number of design itevas, or until convergence is reached. An

outlineof a basic PSO algorithm is givenhkigure4.
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| Select number of particles =N ‘

Initialize particles with random positions (x) in the
range [xmin, xmax] and zero velocities (v)

| Evaluate the cost of each particle ‘

For each particle set personal best cost = current cost
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| Set global best cost = min (all personal best costs) ‘
—
Update velocities and positions of each particle ‘

l

| Evaluate the cost of each particle ](—

| Set personal best cost = current cost

J{ Yes

Set global best cost = current cost

Stopping criteria met?

Figure4. Outline of a basic particle swarm optimization algorithm
Theprocess for updang the position of each particle is
W w U Yo (7
wherew is the position of particlé&at iterationQ p, 0 s the corresponding
velocity vector of the particle, ankbis the time step value.

The procedure for determining the velocity vector of each particle in the

swarm depends on the particular PSO algorithm. The process which is commonly
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389 used for updatinthe velocity vector was first introduced by Shi and Eberti®98)

390 as

| I I | ©)

391 wherei andi are independent random numbers in the range [9,13,the bst
392  known position of particl&onsidering iterations 1 throud®n is the best known

393 position of all particles considering iterations 1 throl@ndYois the time step
394 value Throughout the present work a unit time step of one iteratiosed. An

395 alternative method for determinimg is to use the best position of all particles only

396 considering the current iteration (FougieGroenwold 2002). InEquation(8), there

397 are three problerdependent parametedrsh at i nf |l uence every part.i
398 inertia of the particle) and two trust parameter®, and . The inertia controls the

399 al gorithmdéds exploration properties; a |larg
400 design space becausarficles are more inclined to continue on their previous

401 trajectory. The trust parameters indicate how much confeddmecurrent particle has

402 initself,c and in the swarn and will draw the particle to these respective best

403 positions. When 80 was originally introduced, Kennedy and Eber(E895)

404 proposed thab = @ = 2 in order to give the products®i and®i each a mean of

405 1. Shi and Eberhal99&) analyzed the difference in performance and accuracy for

406 both fixed and timedecreasing inertia weights. Based on empirical studies, an inertia

407 weight of0 @ was the only fixed inertia weight to ver fail in finding an

408 acceptable solution regardless of velocity limits. A tideereasing inertia weight

409 from 1.4to O was found to be better than a fixed inertia weight; the larger initial
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inertia weight enables a broad global search while the smialiiriertia weight

forces more local searches (8hEberhart199&). Shi and Eberhart conclude that it

is best 0 use a fixed inertia weight of = 0.8 or0 = 1.0 dependent upon the

selection of the values of the velocity limits, and that a time ngnyiertia weight

would result in an even better performance. Ultimately, the selection of inertia and
trust weights are problem dependent and thedues must be determined cdmse

case. A poor selection of parameters may lead to premature convergarsmution

that is not globally optimal, or at the other extreme, a solution that takes an excessive
number of iterations to converge. Paramegdection can be danthrough trialand

error or through deduction and personal judgment.

To increase the panfmance and accuracy of PSO, multiple enhancements to
the standard algorithm have been proposed and tested. The first of these
enhancements is tlieclusion of convergence criterion within the problem statement.
The purpose of proper convergence criterotd ensure that the optimization process
avoids unnecessary calculations once an optimum solution is reached. Preferably the
convergence criterioshould be general (i.e., not include parameters that are specific
to the problem). One common practiceasassume that convergence is obtained if
the change in the objective function is below a particular threshold for a specified
number of iterationgvVenter& Sobieszczansksobieskj 2003). Basic PSO is for
unconstrained problems only, and original literatior basic PSO does not address
particles which violate design constraints. Thus, constrained optimization has been

introduced which usually adesses this problem through the use of different methods
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454

including penalty functions, a fligack mechanism, aesetting the particle velocity

to zero.

A penalty function penalizes the objective function when one or more

constraints are violated. If penaltoefficients are used, but appropriate coefficients

cannot be provided, then difficulties will be encouatkrAdditionally, penalty

functions reduce the overall efficiency of the PSO; it resets infeasible particles to

their previous best positions, sadinges preventing the search from reaching global

max.

Another method for addressing particles which viothsign constraints

i nvol ves t e clkks aneacfh aanifsfmloy whi ch i s abl e

convergence rate and improve the accuracy effectimetpmparison wittprevious

improvements (He et al., 200dhd basic PSQespectively. With the use of a fly

back mechanism, if it is determined that a particle would violate the position

constraints of the design space, then the direction of the paétisl v el oci ty

and the position is recalculated for the partsdehat it will reach its original

position. The global minima of design problems have been found to usually be close

to the boundaries of the feasible search space. By enforpagiee to return to its

original position and assuming that the globadtiparticle remains in the same

position, then the direction of the velocity in the next iteration will still point to the

boundary but will point closer to the global best partjele et al, 2004).

Another method involves resetting parti@es

vtyetd zero if it violates

one or more constraints at iterati@The velocity vector for particléat iterationQ

p would then be given as
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Therefore, the velocity of particléat iterationQ p would only be influenced by the

n

&)

Yo

L. N
Wl ——
Yo

9)

bestknown position of particl&onsidering iterations 1 throudRand the best

known position of all particles considering #éons 1 througfQThis would renove

al | influence

of

t

he part.i

clebdbs current tr

return to the feasible design space in the next iterations (Mans2€08).

2.3.2.2 Big bangpig crunch

The Big BangBig Crunch method originally developed Erol and Eksir(2006)is a

populationbased heuristic algorithm. Tig BangBig Crunchmethod is based

primarily on

a

t heory of t

he universebds ev

of two main phases: the Big Bguphase and the Big Crunch phdseheBig Bang

phase, candidate solutions are randomly distributed throughout the design domain.

The random nature &ig Bangcan be attributed to the dissipation of energy in

nature, while convergence to a local or glotptimal point represents a gitational

attraction Erol & Eksin, 2009. TheBig Bangphase is followed by thBig Crunch

phase. In th8ig Crunchphase, a convergence operator uses the current candidate

positions and their corresponding fitness fumcivaluess t o

comput e

mas < 8), which can be calculated according to Equagi):

B

P
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whereL " is thejth component of thih solution generated in tikh iteration,N is
the population size during thigig Bangphase, anddis the number of components.
The candidate solutions for the current iteration are then discardeitheapalsitions
of new candidate solutions for the next iteration are normally distributed atfoeind

center of mass as follows

n N |>£D=|:.

oI
@)

o (11
ph8 h)

where» is a random number from a standard normal distributias,a parameter
for controlling the size of the search space,%ng ;and= - .are the position

vectors of the upper and lower bounds of each design variable, respectively.

2.3.3 Multi-objective optimization

Multi-objective optimization is hecesgavhen two or more objectives are in conflict

and a compromise between objectives is desired. This conflict is often the case when
considering the requirements of multiple stakeholders imeegng design. If there

is no single solution that will simalheously optimize each objective, there instead
exists an infinite number of Pareto optimal solutions. A solution is a Pareto optimal
solution if any of the objective functions cannot be invpwithout degrading one

or more of the other objective funati® The set of solutions that are Pareto optimal is
said to make up the Pareto front. Obtaining the Pareto front allows the user to make a
focused tradeoff between potential solutions to oltae desired solution. To

determine an optimal solution frometiset of Pareto optimal solutions, subjective
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491 preference from a user is required; all Pareto optimal solutions are considered equally
492 acceptable until the user preference is applied.

493 Multi-objective optimization can be divided into four classes basetleon t

494 user 6s p r-pefeeence, a prieri, a posteriori, and interacf{Meang&

495 Masud 1979) In no-preference methods, the user does not indicate their preference
496 (often defaulting to @ual weight Luque et al.2009), while a priori, a posteriorgnd

497 interactive methods utilize preference information before, after, and iteratively while

498 searching for a solution, respectivé¢iiettinen, 1999)

499 2.4 Lowrise buildings with parapets

500 2.41 Effect of wind on lowrise buildings with parapets

501 Architectuial detailing significantly impacts the magnitude, direction, and correlation
502 of distribution pressures over a roof surface. The worst mean and peak suctions on
503 flat, low-rise building roofs ocur near the upwind corner and ed{feimdado&

504 Meseguer2003)for cornering or oblique incident wind angles (Kid®88). These

505 large suctionsilong the roof edgesre the result of strong conicadrtices known as

506 delta wing vorticeslue to their similaty to the vortices produced at the leading edge
507 of aircraft with delta wingsParapet walls reduce these extreme suction loads,

508 preventing roof gravel and other loose material from becoming-adnae debris

509 capable of damaging the building envelope laadling to wind and rain intrusion.

510 Solid, perimetric parapetaller than one meter reduce both the mean and peak

511 pressure coefficients, most notably in the corner regions (Statho@ Baskaran

512 1987).Research regarding parapets has primarily focasezharacterizing the local
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pressure distributions on the raafrface, specifically for components and cladding.
Some studies have determined tihat ise of parapets with nomiform or modified
geometries redusé¢he extreme suction loads caused bydbmer vortices (Koppt
al., 20053. Other studie®iaveconsicredthe underlying structural members (Kopp
et al, 20050 and parapet itself (Stathopoulos ef 2002) under wind loading.
Recent studiebave determined thétis essential to have a higlensity of pressure
taps in the upwind corner region to ensiinat the peak suction pressures are captured
(Kopp et al., 2005aKopp et al.,2005h Kind, 1988).

Building codes (e.g., ASCE-16) often allow for a pressure reduction over
different roof regpns in the presence of parapets; howgthmre has not been
extensive research regarding accurate regions of reduction based upon the geometry
of the building and parapet (ASCELB). Additionally, research has primarily
focused on the corner zones obi®with limited research on the edge amterior
zones focused on mitigating local loading through the use of alternative geometries.
There has not been much research on the effect of different parapet heights or on the
optimal height of solid, perimetriparapets for a given lovise building Kopp et al,

2005).

2.4.2 Design implications of parapets on lase buildings

The windward roof edges on lemse structures cause a separation of the boundary
layer and generate vortex flow with large suctioading that is particularly severe
for oblique approaching wind angles. Increasing the parapet height has a significant

effect on these wind suction loads because it alters the location of the roof corner
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535 vortex, which mitigates extreme corner and edgéi@udoads, aomponents and
536 claddingdesign loadKopp et al, 2005¢ Mans et al.2009. At the same time, the
537 presence foparapet walls increases the surface area of the building, leading to an

538 increase in demand on the main wind force resisting system.

539 2.5 Tall buildings

540 2.5.1 Effect of wind on all buildings

9 Along-Wind

L N
Wind Direction| g Croses\Vind
by _——

Figure5. Wind response directionMéndis et al.2007).

541 Tall, slender structures aoéten moresusceptible to dynamic motion perpendicular to
542 the direction of thevind than paralleldefined inFigure5 as crossvind and along

543 wind, respectivelyThis form of oscillation can be very significant if the structural

544 damping is small. The crosgnd excitation of modern tall bualings is

545 predominantly controlled by vorterduced vibratios (Mendis et al2007). Tall

546 buildings are bluff (as opposed to streamlined) bodies which cause the flow to

547 separate from the surface of the structurewn as vortex sheddingortex shedding

548 induces fluctuating surface pressures which can cagkations if the body is

549 flexible. These shed vortices oscillate at a frequency defined by the Strouhal number

550 of the structure. The equation for the Strouhal number, St, of a structure is given as
29



St=— (12
551 where Qs the frequency of vortex sheddinis the characteristic length, afds
552 the flow velocity.Thus, the structure is subjected to periodic cross pressure loading
553 resulting in an alternatinggosswind forces t hese vortices shed.
554 natural frequency and the shedding frequency of the vortices coincide, large and

555 damaging displacements can ocitua phenomenoknown asiock-ino.

556 2.5.2 Design implications of tall buildings

557 Saviceability falures are more prevalent in tall buildings than-lase buildings due

558 to larger topstory deflections and vibratieinduced accelerations. In contrast to

559 strength limit states, serviceability limit states are usuallycatastrophic and

560 involve the pergations of the user. Exceeding a serviceability limit state in a building
561 means that its function is disrupted because of local minor damage, deterioration, or
562 occupant discomforTablel presents some guidelines ganeral human perception

563 levels of different acceleration leveldéndis et al., 2007

Table 1. Human perception levels

Level Acceleration Effect
(e
1 < 0.05 Humanscannot perceive motion
2 0.051 0.10 a) Sensitive people can perceive motion
b) Hanging objects may move slightly
3 0.107 0.25 a) Majority of people will perceive motion

b) Level of motion may affect desk work
¢) Longterm eposure may produgaotion

sickness

4 0.257 0.40 a) Desk work becomes difficult or almost
impossible
b) Ambulation still possible

5 0.401 0.50 a) People strongly perceive motion

b) Difficult to walk naturally
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580
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582

583

c) Standing people may lose balance

6 0.501 0.60 Mostpeople cannot tolerate motion and are unak
to walk naturally

7 0.60 0.70 People cannot walk or tolerate motion

8 >0.85 Objects begin to fall and people may be injured

An alternative proposal for acceleration threshold€bgng (1973jor the

accel embattbBongia theoretical extrapolati on

(considering that 1 millg is equivalent to 1/1000 of the gravity acceleration) are

1) Non-perceptiblea < ~0.051 O

2) Perceptible: ~0.06 O <a<~0.10i O -~015i O

3) Annoying:~0.10i O -~0.151 O <a< ~0.500 O

4) Very Annoying:~ 0.50i O <a<~1.50 O

5) Unbearablea>~ 1.501 O

Based on interviews with building occupartignsen et al(1973)suggested that:

AnThe

r eotsufor stormpsecausing &MS[root-meansquare] horizontal

acceleration at the building top that exceeds (&@0he standard acceleration due to

gravity], shall not be less than 6 years. RS shall representraaverage over the

20-min period of the tghest storm intensity and be spatially averaged over the

bui

l ding floor .o

The structural design of most modern tall and slender buildings is

predominantly governed by wirAdduced serviceability design criteriaatdd to the

comfort of occupants and lag building drift (i.e., sway) requirements. Infrequent

wind events of long return periods (e.g.;\#ars) are commonly assumed for

evaluating lateral drift criteria and strength limit states for safety requitemen

(Huang et al., 2002 Yet, wind sensive tall buildings designed to meet drift and
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strength requirements may still experience excessivdriaguency (< 1 HztSO

6897, 1984) motion that can adversely affect the comfort of occupants during more

frequent wind events (e.g., less thary®ars).Therefore, designers must provide

adequate lateral stiffness (or damping) to control vimmaiiced motion that may

cause discomfort to the occupants and jeopardize the functionality of the building.
Studies lave shown that the perception of wimdluced méion can be linked

to the horizontal acceleration of the building (ekgvok et al., 2009; Bernardini et

al., 2014). Peak and RMS floor accelerations are typically considered to represent

building motion (B@gs, 1997), although some researchers have dtbaethe rate

of change of acceleration (i.e., jerk) may be a superior indicator of human perception

of motion (e.g.McNamara et al., 2002Experiments in the field and in motion

simulators Chen& Roberson, 1972Irwin, 1981 Denoon& Kwok, 2011)hawe been

conducted to investigate the effect of other factors that may impact motion

perception, including building motion frequency, amplitude, event duration, and

waveform (KijewskiCorrea& Pirnia, 2009)As a result of these studies, prescriptive

provisions have been developed and are included in some building codes and

standards to address serviceability requirements related to controllingnaurced

motion for the comfort of occupants (e.p0O 1984, 207; NRCC, 201D

Particularly, the horizontal aeleration criteria in ISO 6897 (1984) is based on the

rootmean square acceleration for the worst 10 consecutive minutesyi@aa eturn

period for structures in the frequency range of 0.063Ha.IMelbourne and Palmer

(1992) later generaed the aceleration criteria in ISO 6897 to accommodate for

other return periods
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W5 T[a)qJTAQ)DGEQ)UT[Sp (13
where®y, is theRMS horizontal acceleration threshold, MRl is the mean
reaurrence interval (i.e., return period) in years, ansl the frequency of the building
in hertz. As described in Melbourne and Palmer (1992), peak acceleration criierion

can be obtained from Eqtien (13) by introducinga peak factor valu& &

"@oy . If the acceleration is related to a normally distributed process,@hen

¢l T¢ Y where"Yis the event duration in seconds.

Serviceability limit states that address excessive building cédles (i.e.,
sway) are also of concern to designers for ensuring the integrity <ftnarural
elements (e.gcomponents and claddipgnder windinduced deformationsS{miu,
2011]). Servieability design criteria for lateral building deflection (iwvay) is
commonly verified by lineaelastic static analysis using unfactored equivalent static
wind loads (ESWLs), which are usually based on wind events-gé&for 1060year
MRI (Griffis, 1993. The ESWLs can be calculated from wind code provisions
(ASCE 7-16) or derived from wind tunnel tests (e.gyang& Chen, 200Y. After
determining the ESWLs and applying them to the structural system, the overall (i.e.,
total) and intesstory displaements can be obtained from static analysis and
compared againstrift limit states.

Overall building drift limits for most tall buildings are defined as the lateral
deflection of the topmost occupied floor divided by the height from grade to the top
stary of the building, while intestory drift is defined as thelegive horizontal

displacements between consecutive stories divided by the height of the floor (Griffis,
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628 1993). Common drift limit ratios range from 1/100 to 1/600 of the building height for

629 overall drift (i.e., sway) and 1/400 to 1/500 of the story hefighinter-story drift.

630 2.5.3 Reducing response of tall buildings through aerodynamic modifications

631 2.5.3.1 Aerodynamic mitigation techniques

632 One approach for reducing the dynamic responsgeiitdings is to use aerodynamic
633 mitigation techniques. These rhetls use simple, innovative architectural features to
634 modify the aerodynamic shape of buildings to reduce the wind loads. Aerodynamic
635 mitigation techniques which modify the external shapehnfialing (e.g., corner

636 modifications or the twisting of the @® section shape along the height of the

637 building) can significantly alter the wirstructure interaction and reduce the building
638 response, leading to a more economic and-userdly designin terms of comfort

639 (Irwin, 2008; Kareem et al., 1999 erodynamic mitigation techniques assist by

640 disrupting the formation of strong corner vortices, breaking the coherent formation of
641 vortices, and diverting flows in the separation zone over the rgef @daway from

642 weak memberdBroadly speaking these can be gatézed as minor or major

643 modifications dependent on their effect on the building design.

644 Minor modifications are considered those which have an insignificant effect
645 on the structural and dritectural design of the building. Common building shapes
646 are retangular in plan and as a result experience strong viortexced forces.

647  Applying minor modifications can redubeth the alongvind andacrosswind

648 responses from these excitation forcempared to basic cornefSxamples of minor

649 aerodynamic corner nddfications are highlighted iRigure6. Existing research on
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the impact of corner modifications on therodynamic forces on tall buildings has
focused on variations of chamfered, slotted, rounded, and recessed corners
(Mooneghi& Kargarmoakhar2016. The effectiveness of cornerodifications has
been found to be dependent on the approach anglecofning wind (Tse et al.
2009). There has been some existing work analyzing the effectiveness of the
aerodynamic modifications of waral fins and slotted fins in reducing the alemngnd
and acrossvind response of tall, square buildings (Kw&kBailey, 1987). This work
focused on fins and slotted fins fixed fin configurations as showigure6. This
currentwork expands on the previous work by exploring fin configjons at

different angles with different symmetries enforced.

Basic Chamfered Slotted

Rounded Recessed Fins

Figure6. Minor aerodynamic corner modifications (based on Mooneghi &
Kargarmoakhar, 2016).

Major modfications are those which have significant effects on the structural

and architectural design of the building. Examples are highlightedjure?7.
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Varying cross  Varying cross

. , . Setbacks
section size  section shape

Figure7. Major aerodynamic structuranodifications.

Applying major modifications (e.g., varying crassction size, varying cross
section shape, twisting, and setbacks) can alter the wind flow behavior around the
building and significantly reduce the winidduced building response, rétig in a
more economic and comfortable design. These modifications vary the Strouhal
number with height, and thus the vortices shed over a broad range of frequencies.
Varying the crgs section size or shape significantly reduce vertdxced vibrations

by avoiding simultaneous vortex shedding along the building height.

2.5.3.2 Aerodynamic shape optimization

Another approach to reduce the dynamic response of buildings is through

aerogynamic shape optimization techniques. In an optimal shape design preblem
performance criterion is established and the optimization is dependent on the shape of
a boundary. An experienced designer utilizes creativity and insight to form-a well
posed optnization problem. Objective functions must be defined based on the goals

of the optimization, design variables which affect the aerodynamic shape, and
constraints that define a feasible region of the design space. The optimization
algorithm finds the valueof the geometric parameters which optimize the objective

function while satisfying the constraints. Aerodynamic shape optimization allows the
36



679 designer to explore more alternative aerodynamic shapes than traditional methods,
680 which are limited to a certamumber of geometries peelected by the designer.

681 Traditional shapepimization is performed using a combination of

682 experimental and numerical methods using wind tunnel tests or computational fluid
683 dynamics, respectively. Experimental methadsurately characterize the effect of
684 modifying the building shape on the overaihd-induced excitations. Modifying the
685 building shape (e.g., corner tailoring or other aerodynamic modifications) often

686 reduces forces due to drag and vortex sheddingamuglso produce a more

687 complicated aerodynamic behavior that is challenging tdatnoumerically

688 (Carassale et aR014). These methods typically investigate a discrete number of
689 different configurations to determine the configuration with the optimaldgeamic

690 performance. Previous experimental work within shape optimizatlenrick &

691 Bitsuamlak 2009) has examined higise buildings with different simple cross

692 section shapes to determine the relationship between shape and wind loading patterns
693 for tdl buildings. Traditional aerodynamic shape optimization using experimental
694 methals is demanding due to being tiaad cosintensive for performing tests on a
695 limited number of possible configurations.

696 Numerical simulation methods allow for the consitieraof many alternative
697 designs, and if coupled with traditional experimentalhods can reduce the required
698 number of wind tunnel tests for the examined optimization problem. CFD is currently
699 primarily used for estimating the aerodynamic performaneegien configuration

700 but it does not guarantee the identification of the optaealgn. Taensurehe

701 optimal design is discovered, CFD can be coupled with appropriate numerical
37



702 optimization methods for aerodynamic shape optimization problems. The design
703  which satisfies all constraints and optimizes overall performance using numerica
704  optimization methods can then be tested experimentally to better understand wind
705 structure interactiomerodynamic shape optimization using CFD has been used in
706 both the amspace and automotive industry for years (Kim e28l09 Muyl et al,

707 2004, espectively), and recently been of increasing interest for the application to the

708 aerodynamic design of the shape of tall buildings.

709 2.6 Summary

710 This chapter presented an overview of the effects of wind on buildings and the
711 structural design procede focising on lowrise buildings with parapets and tall
712  buildings. A review of current BLWT testing predure and model construction was
713 presented with a focus on rigid and aeroelastic mobDédferent optimization

714 techniques (e.g., nestochastic, stdwastic,single-objective, and mukobjective) are
715 presented. The determination of the most suitable optimization technique and
716 algorithmspecific parameters are both probtdependentkoom for improvement in
717 the area of CPS within wind engineering rersaamd fhe optimization of wind

718 sensitive structures stands to benefit from the combination of efficient numerical

719 optimization algorithms and accurate BLWT testing.

720
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ChaptRergi3d DMosced o p iCePrSte t aurpd

This chapter presents the details oft@del bw-rise building with a structural
parapet, including the scale, dimensions, and materials used for fabrication. Rigid
models are a fundamental type of structure for modeling and evaluation through
boundary layer wind tunneB{LWT) testing that o#r a sinple testing approach
sufficient for structures with little aerodynanmmesponsgesuch as lowise buildings.
The lowrise model created for this study is assumed rigid.

The selection of a physically adjustable design variable and creation of a
suitable atuation system for the model building is subsequently presehted.
framework for providing data and power for controlling the actuation system is
described to thoroughly depict the physical component of the CPS incorporating the
rigid model.All experimatal equipment used for the BLWT testing with the rigid,
low-rise parapet modgihe method for processing and analyzimg measured

pressure data using the rdimensional pressure coefficiemt, and the method for

calculating base shear fosrealso presented.

3.1 Rigid specimen

The lowrise buildingwasmodeled after a twstory office building A lengthto-
width ratio of 1.5wvas selectetb createa rectangulabuilding shapeModel-scale
dimensions were selected2&.25 inches x 19.50 inchasplan with aheight of 20
inches.By actuating the outer wall, a parapet wall of up to 4.50 inches rsodkd

wascreatedBased on the model dimensions and target design of-attwy office
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building, a 1:18 mode$cale was selected. This corresponds to a building with full
scale dimensions of 29.6 feet x 44.4 feet in plan and 30 feet tall.

Clear, impactesistant polycarbonate was selected for all building surfaces
because it was expectedraarain rigid against the anticipated pressures in the
BLWT and is easier to machine than other clear plastics. The nominal thickness of
the polycarbonate sheets for the parapet walls was selected to be 0.1875 inches to
avoid an excessively thick parapetilywhile still providing sufficient rigidity to
prevent flexure of the walls. To further increase the rigidity of the parapet structure,
0.625 inch thick polycarbonate blocks were used to connect the outer and inner
parapet walls panels with screW$eoute wall (vertically movable) consisting of
the outer building walls, inner parapet walls, and top of the parapet arabfhad the
inner core of the model (stationary) were the only surfaces exposed to aifflew
nominal thickness of the polycarbaeaheets used to manufacture the inmexdel
was selected to be 0.25 inches.

To capture the envelope wind pressure, 0.054 inch inner diameter urethane
tubing was used with 0.063 inch outer diamétdgedstainless stealibes the
urethane tubing was stched to securely fit around thmilged stainless steel tubing
The stainless stea@libingwas then inserted into 0.0625 inch diameter holes that were
drilled into the sheets of polycarbonate.

Urethane tubing and pressure taps were installed on theamali@ner sides
of the parapet wall. A total thickness of the model parapet(inall the outer wall)
was selected to be 1 inch, as a thickréss least 1 inch was required to

accommodate the thicknestpolycarbonate sheetsetaltubulation, and nrmimum
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bend radius for the urethane tubifigpe pressure taps on the outer and inner parapet
walls were staggered to permit a thinner model parapet wall.

A modelscalel-inchthick parapet and a 1:18 modsdale correspond to a 1.5
foot (18 inches) thick fil-scale parapetAccording to the Building Code
Requirements for Masonry Structures, parapet walls should have a thickness of at
least 8 inchegfull-scale)(ACI/ASCE/TMS, 2011) Therefore, théuilding model

represents eealistictwo-storyfull-scale buding with aprotective parapet

3.2 Model actuation

Thedesign parameter selectsdhe parapet wall height of a lemse building. The
outerwall of the model wasactuated by foustepper motorsone at each corner of the
model. Thannermodel remaine stationary, maintaining a constant building height.
As the outer wall rose above the inner model, a parapet wall was ci®taiesl made
from polytetrafluoroethylengvereused between the innerodelandouter wallto
assist imchieving vetical actuaibn with minimal friction A foam gasketvasused
between the outevall and the turntable to allow tleeiterwall to movewhile
preventingair from leaking around thease of thenodel. The model is shown in
Figure8, including the inner model (stationary) and outer wall (vertically movable).
Nanotec stepper motors (LS4118S140®41-150) with a captured lead
screw raised and lowered the ousall around the inner mod#& change the eave
height The steppemotorswere connectetb theouter wallusingpolycarbonate
triangular supportmstalled in the bottom corner& PVC pipe installed around the

drive shaft of the stepper motor protectied shaft from coming into contact with any
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urethane pressure tap tubingridg actuation. The stepper motor and its installation

are shown irFigure9.

Parapet

10 thick
(vertically movable)

(a) (b)
Figure8. (a)Rigid, low-rise huilding model with a énch parapet wall and (b) a 1
inch parapet walldimensions are in modstale)

(a) (b)
Figure9. (a) Stepper motand (b) stepper motor installed in corner of parapet:
with PVC shield

3.3 Stepper motor control

The setup for controlling the steppaotors is given irFigure10. Data (i.e.,
commarmls from the coordinating computer on the University of Florida network) and

power passed through a slip ring on the BLWT turntable. A Raspberry Pi 3 was

42



793

794

795

796

797

798

799

800

801

802

803

804

805

mounted withirthe urntable to take commands from the coordinating computer and
send them to each of the four stepper motor controllers, which in turn actuated the
stepper motors. Encoders on the stepper motors provided feedback to ensure the

desired displacement wasached

Data

DC Power
Data + DC Power
AC Power

Raspberry Pi 3
Model B -
ETHO %

POE Splitter MicroUSB_4

(WiFiTexas WAAR5V10W,
Scanivalve

ETH usBe3
ETH
_____ of "_ r ~Sh‘p Riﬂg( RS23
gy ~ \43,7% Controller;:‘ Motor ‘
= \4”6‘ O RS23

\eoe ‘ Controllerﬁ' Motor ‘

Scanivalve | & RS23
DC Power \ T Controller;:‘ Motor ‘
) Supply RS232
Network Switch \
(Cisco Catalyst 2960X) \ 120v AG>24vDC —H——{ Controller;:‘ Motor ‘
\ |Converter 1 I
UF Network 120v AC Power \ (Nanotech ZK4700/50) (Nanotech SMCI35)

(NanotechLS4118S14046X1150 +NOE205-B14)
Figure10. Wiring diagram for stepper motor control

3.4 Experimental equipment

Experimentavere conducted in the BLWT located at the University of Florida
Natural Hazard Engineering Research Infrastructure (NHERdgrimental Facility.
The BLWT is 6.1 m wide with a 1 m turntable centered along the 6.1 m \8itl{frb

m downwind of 8 fans. The fans weyperatedata constani050 RPM,
correspondingo a reference height velocity of approximately 14 m/s. The pressure
on the model building surfaces were measured using Scanivalve QT3
pressure scannerBhe rigid model building installed in the BLWT is showrFigure

11
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Figurell Boundary layer wind tunnelith model lowrise building, upwind view

3.5 Tap tributary areas

The pressure measured at each pressure tap was assumed to act-overlapping
tributary areaon the envelope of the model. Voronoi diagrams derived from
Delaunay triangulation wengsed to calculate the tributary area of eagh(Gierson
et al, 2017).This is a reproducible, automated prodegsportant when the
envelope shape is changing dgyrioptimization. The flattened view of taps and
corresponding tributary areas for the rabgith a parapet height of 4.50 inches
(modetscale)is illustrated inFigure 12.

Surfaces 1 through 4 correspond to the fmuterbuilding walls. Surfaces 6
through 9 are inner parapealls for a parapet heigiiQ > 0. The edges that join the
outerbuilding walls(Surfaces 1 to 4) and the inrgarapet wallgSurfaces 6 to 9n
Figure 12 are located at theertical heighof the parapeof the physical model. They

do not touch o thephysical model, but insteadeseparated by the thickness of the
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819 parape(in this case dnch modelscale) Surfaces 5 and 10 are the top of the parapet
820 wall and thebuilding roof, respectivelyAdditional pressure taps are exposed on the
821 inner parget wals with increasing heigh#As the parapet height increasthe

822 tributary areas for the outer buildimegalls and inner parapeatalls increass, while

823 the tributary areas for both the top of the parapet wall anduifding roof remained

824 constant.
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Figure 12. Tap locations, tributary areas, and surface numbers on a flatten
representation of the model with a parapet.60 inches(dimensions are in mode
scale)

825 3.6 Base shear force calculation

826 Horizontal base shear forcegm calculated for the direction perpendicular to the

827 long building dimension because this direction was found to control the base shear
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828 design.Synchronous measurements from pressure taps located at the windward,
829 leeward, angbarapet walls (Surfaces 1,dhd 6 and 8 ifrigure 12, respectively)

830 were multiplied by the tap tributary areas to obtain local base shear force

831 contiibutions. The total base shear time history was then obtained from the

832 summation of these foes as follows:

6 0 n oo _ (149

833 whered 0 is the equivalent fulscale base shear, 0 is the pressure time
834 history of tapQ0 is thetributary area of f@" Q¢ is the total number of taps, is
835 the velocity scale, and is the length scale (1:18) full -scale reference mean
836 velocity of 40 m/s was assumed, resulting in  3.33 (Y =12.1 m/s)The peak
837 base sheaw was estimated frora FishefTippett Type | (Gumbel) distribution

838 with 50 peaks and probability ofnon-exceedancef 78%.

839 3.7 Wind simulation

840 Simulation of upwinderrain roughness was performed via the Terraformer, an

841 automatederrain generator l@aed upwind of the BLWT testing section. The

842 Terraformer is capable of rapidly reconfiguring both the height and di@ntat

843 1116 elements in a 62 x 18 roughness element grid to achieve specific upwind terrain
844 conditions(FernandexCaban& Masters 2017). Dimensions of the elements are 5 cm
845 Dby 10 cm in plan, and they are spaced 30 cm apart in a staggered patterngfihe hei
846 and orientation of each element can be independently varied fi&@ 6m and O

847 36C, respectively to simulate a wide range of hosrapus or heterogeneous
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upwind terrain conditions. For this study, the Terraformer was configured to a
uniform element dight of'Q= 20 mm and the wide face of each element was oriented
perpendicular to the incident flow. This configuration was selecteniniolate open
terrain exposure for a geometric scale of 1:18.

Figurel3a depicts the normalized mean velocity prodite height of 610 mm
for the wind velocity testedvhere the mean velocity profile was normalized by the
reference mean wind velocityrer measured at a heighti= 1.48 m.Directional
velocity and static pressure measurements were collected at the center of the BLWT
testing section without the model installed using Turbulent Flow Instrumentation
Cobra probe senss mounted to an automatgantry systemiEach velocity
measurement was taken for 120 seconds at a sampling rate of 125@ddghness
length estimate of 1.59 mm was obtained from alim@ar leastsquares fit of the kp
law in the inertialsublayemregion z ~ 153900 mm), folbwing the curvditting
method in Karimpour et al2012).This results in an equivalent ftgtale roughness
length of 0.029 m, which is within the range of opemain as defined in ASCET6.
The measured spectra was compavid the power spectra metlin ESDU (974),
and first derived by von Karman for isotropicbulence (Von Karmari948). The
measured longitudinal integral length scale)(in the tunnel afi= 610 mm was 1.06
m. For a 1:18 simulation, this tdis in a fulkscaled =18 m @~ 11 m), which is
~16% of the expected for open terraifi e.g., ford =0.03 mandi=10 m,0 =
110 m(ASCE/SEI 4912). The challenges associated with achiewufficientlength
scalef turbulence in the BLWT for large modelsgeg.low-rise building) are well

establishedStathopoulog: Surry, 1983;Tieleman 2003).The discrepancy if
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(modelversusfull-scale) arises from the absence of lasgale turbulence in the
BLWT. Recent methods, such as partial turbulesicrilation (Mooneghi et al.
2016),have beemsuccessful in compensatifgy alack of largescale turbulence.
Nevertheless, the mismatch in integral lengthes not detract frotte fundamental

objective of appling CPS approaches in the BLWT

1.1 S S S — 107 — e , -
1600 | UF-BLWT o | UB-BLWT WIDE EDGE
""" Zves = 1480 mm /8O Fie =10 h = 20 mm
1400 Urey = 15.3 m/s S S z = 610 mm
e 1200 + /3 L]
£ 1000 - o =107
E ool WIDE EDGE %
" 600t o
100 17 = v
z ’ == ) 5 casure
200 P e ESDU 7403074031
0 000 U ; : :
0.2 03 04 05 06 0.7 08 09 1.0 1.1 10-2 10-! 100 10"
U/Uyes nLi/U
(@) (b)

Figurel3. (a) Mean velocity profile and (b) longitudinal turbulence spectra (z
610 mm) measured at the center of the test section for h = 20 mm and a wid
windward element orieation.

3.8 Assessment of pressure ffméents

Differential pressures from 512 taps were simultaneously sampled at 626 120
seconds, corresponding to approximately 660 secondsdalk assuming a basic
wind speed of 40 m/at reference heighPressure coefficientwerereferenced to the
velocity pressure at the model eave height. This velocity pressure was obtained
indirectly by applying a reduction factor to pitot tube measurements at the freestream
(z=1.48 m).

The maximum and minimum @ssire coefficients for each tdpr a particular

time historywere estimated using a Gumbel distribution as outlined in @ih1
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50 segments of equal lengfhhe peak maximum and minimum pressure coefficients
from each segment wecalculated usingquation (1), and maximum and minimum

0 values for the entire time history were estimated uaipgpbability of norn

exceedance aof 78%

3.9 Sumnary
In this chapter the parameters of the rigid,-lose parapet building modahd
actuation system were described in detall, including the design variable, geometric
properties and materials for fabrication. The framework for providing communication
andpower to the actuation system control was detailed; the model and actuation
sydem are an integral component of testing as the physical component of the CPS.
The experimental equipment used for experimental testing is described,
including the ScanivalvéOC33 pressure scanners and the BLWT used for all testing
of the rigid, lowrise parapet model. The details of the simulation of upwind open
terrain are presented. In additian, pressure coefficients across tap tributary areas
are derived from raw presre tap data. These pressure coefficients will form the basis

of performanceavaluation during optimization.

49



902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

ChaptRargid Model Testing and CPS

This chaptedescribes the approach for formulating the different optimization
problems whib were examined using the rigid model. A better understanding of the
expectedoressure envelope had been developed from a previously obtained test
matrix (Whiteman et gl2018). Multiple different modifications to the standard PSO
algorithm are proposeai incorporation into a modified singtibjective PSO (SO
PSO) algorithm. Theesults and analysis for the different optimization technigues
singleobjective stochastic, singlgbjective norstochastic, and multibjective

stochastic optimization are ssdguently presented.

4.1 Problem formulation

As the parapet height increastt® peak suction nominally decreagasthe roof
surface and topfdhe parapet wall and increades the inner parapet wall surfaces
Also, an increase in parapet heigitreases the peak positive pressure on the roof
surface and windard side of théeeward parapet. Additionally, a taller parapet
increases the projected building area normal to the flow of wind, increasibggbe
shear of the structur&@he aforementioed observations are not comprehensive;
however, they include all effects that infhced the optimal design. Critiéal values
were observed for suction, positive pressure, and base shear at approach wind angles
of 45° (Figure14), 90° (Figurel5), and0°, respectivelyTo minimize the number of
boundary layer windunnel BLWT) runs each candidate solutiavasonly tested
from among the set of angles0°, 45°, and 90°based on the objective functioAll

optimization problems were physically constrained by the mecke minimum and
50



924 maximum parapet height of 0&#d.50 inches, spectively. The lower and upper
925 physical bounds of the parapet height were chosen so that the optimal Jolutien
926 objective functiorwas confidently located within the search spatker than at a
927 physical boundThe modeiscale panpet heights wereounded to the nearest 0.01
928 inches, consistent with a fedicale design discretization of 0.18 inch®summary of
929 the details of all nostochastic and stochastic optimization problems performed

930 incorporating the lowise parapet modesipresented iffable2 andTable3.
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Figure14. Minimum Cp for 45°, (ap-inch parapet, (b)-inch parapet, (c)-ihch
parapet, and (d)-Bich parapef{dimensiams are in modescale)
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Parapet: 0.00 in., Wind angle: 90°, Min Cp
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Figurel5. Minimum Cp for 90°, (a) 9nch parapet, (b)-inch parapet, (c)-ihch
parapet, and (d)-Bich parapef{dimensions are in modstale)

Table 2. Comparison of details of nonstochastic optimization algorithms

Search algorithm

GSS (Case 1)

GSS (Case 2)

Objective statemen

Magnitude of peak

Magnitude of

[Minimization] suction peak suction and positive pressul
Obiective functi minimize minimize
jectivetunction | 7 g 1 max | EB;  hi A@

Surfaces considere

(Figure 12) (Surfaces 510

Roof, inner parapet,
and top of the parapé

)

Roof, inner parapet,
and top of the parapet
(Surfaces 510)

Approach wind

. 45° and 90°
angles considered

45° and 90°

Result summar Chapter 4.3.

1

Chapter 4.3.2

Table 3. Comparison of details of stochastic optimization algorithms

Search algorithm
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Modified singleobjedive PSO Multi-objective F5O
Obiective statemen Magnitude of peak suctior]
Jective Sta Magnitude ofpeak suction Magnitude of peak base
[Minimization]
shear
o . inimi inimize | EB ,
Objective function . m,|r1|’m|2e m|n|m|'ze‘ 0
I ED minimize o
Surfaces considere Roof, inner parapet, Roof
(Figure 12) and top of the parapet (Surface 10);
d (Surfaces 810) Along-wind surfaces
Approach wind 45° and 90° 0° and45°
angles considered
Result summary Chapter 4.2 Chapted.4

4.2 Modified sngle-objective particle swarm optimization (S€50)

The objective functioor the modified SEPSO algorithnwasselected as a
minimization of the suctionrothebuilding roof and all parapet surfaces (i.e., the
inner parapet walls and top of the parapensidering all wind anglgSurfaces 5.0
in Figure 12). Each candidate solution was evaluated at approach wind angig$ of
and90°to minimize the number of BLWT runs, as these angles were expected to
produce criticab values.Considering the time limit on experimental resources, a
balance was needed Weten sufficient particles to create the PSO swarm effect and
sufficient iterations to converge. Based on an estimated 120 seconds per BLWT run,
60 seconds for all actuation before each BLWT run, and a day of testing, five
particles were selected.

The cybefphysical optimization approach specialized for PSO, a
predeterminedet of evaluation wind angles, and tbe-rise parapet model is shown
in Figure 16. Loops over all angles, all particles, and all iterations are highlighted to

clearly illustrate the experimental timeline.
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Initialization

Process data, extract peak values.

Adjust parapet height.

Initialize particle position and
velocity for each particle.

No. Next iteration.  All iterations evaluated? Update particle velocities
Yes. | and then positions. particle positions

Determine local and global best

Finish. +
g g g g g g g g

Figure 16. Cyberphysical optimization approach as implemented with PSO

946 Theseexperiments were driven by a modified PSO algorithm. Modifications
947 were made to increase the computational efficiency and redunartitger of

948 experimens requiredAdditionally, the accuracy of the approach was improved by
949 addressing issues which arisétwhboth the cyber and physical components. The

950 issues of premature convergence (cyber) and sensitivity to outliers (physical) were

951 identified and modifiations were introduced for evaluation.

952 4.2.1 Fly-back mechanism: address constraint violations

953 Traditional PSO does not address particles which violate design constraints. Thus,
954  constrained optimization was introduced to address this problem througletbkaus
955 fly-back mechanisnin the traditional flyback mechanism, a particle that would

956 violate a desig constraint is prevented from moving for that iteration. The algorithm

957 proceeds as normal for the next iteratibhe global minima (or maxima, depenglin
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on objective) of design problems are often close to the boundaries of the feasible

search spac@He € al., 2004) The traditional flyback mechanism will exploit

solutions around the boundagidn this study, the solution waot expected to be

near tle boundaries. Therefore, in addition to preventing the particle from moving

beyond the boundary, therection of the velocityvas reversed (i.e., the velocity now

points away from the boundary). This modification enables better exploration of the

interior of the search space.

4.2.2 Smartest particle: avoid premature convergence

PSO can prematurely converge to solutions found in early iterations if not properly

calibrated (Banks et aR008) RecallingEquation(8), the calculatiorof the velocity

vector for each particle at iterati@@epends on the bekhown position of all

particles considering iterations 1 throught the global best position corresponds to

a local optimum, then premag&iconvergence may occur as all particles are attracted

to this solution. If weight is pladeon the position of the particle which found the

global best position, rather than the global best position itself, then premature

convergence can be avoided. Thig r t i c | e,

t

h e

continued exploration by avoiding stagoatof ther} term.

fismartesto

Following the current position of the global best particle rather than its global

best positions leads to a new definition for velocity ugsla
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977 wherei andi are independent random numbers in the range [, the inertia of
978 theparticle,anddar e two trust parameters indicat.i

979 and trusin the swarm respectively, is the best known position of partic{e
980 considering iterations 1 throudRc is the position at iteratioldf the particleQ

981 which deermined the best known position of all particles consideringibes 1

982 through'QandYois the time step value.

983 4.2.3 Forgetting function: avoid sensitivity to others

984 BLWT testing is subject tthe chaotic nature of winahd the measurement

985 equipmentresults will vary from experiment to experiment, even for timeesa

986 specimen configuratiofExtreme valuesay be associated with a specimen

987 configuration thaairenot truly representative of that configuration. With regard to

988 PSO,a nonrepresentative & (i.e., aroutiec an af fect both a parti
989 solu i on and the swar moés thgskertreraelvalugesgest s ol ut i or
990 unrepeatable, they may be retained as the local or global best solution for the

991 remainder of the optimization. Qigtrs can potentially cause convergence to a

992 position that does n@accurately represent the global best position. To address the

993 variability of wind tunnel testing, modificationto the PSO algorithm vegproposed

994 A Aforgetting f urmtheswarm so thatparticleswithmo d uc e d
995 the swarm suffer a partialdos of memory and fAforgeto both
996 solutions. In evaluating global and local best costs, the modified PSO algorithm

997 would only consider solutions that were created withspecified number of

998 previous iterations. The corresponding posisi for this limited horizon will become
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the new global and local best particle positions. If the solution of a particular parapet
height was the result of an outlier experiment, then itldveuentually be forgotten,
and the global and local best partiplesitions would be updated in its absence. With
the forgetting function, the convergence to the global solution may no longer be
monotonic.
After performing simulated (offline) optimization trialsing previouly
recordeddatg the number of iterations ttonsider for global and local best
calculations was selected to be 5 (i.e., the current iteration and 4 previous iterations).
The modified velody equation considering the forgetting function is then

defined as expressed Byuation(16) as
0 00 Wl —— Wi —e— (16)

wherer] is the best known position of parti¢onsidering iterationsQ 'Q
through’@andr) is the best known position of all particles considering iterati@s

Q through’Q

4.2.4 Minimization of peak suction

The problersspecific parameters dfftofand® were selected to be 0.5, 1.0, and 1.0
respectively so that aaquawe i ght woul d be pl aced on
itself, and trust in the swarm by giving the product®of and®i each a mean of

0.5. The position of the particles was initially randomly distributed across the range

of positions. A tothof 15 design iterations wemdnducted for the 5 particles.
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The convergence of the particles towards the optimadetscaleheight of
2.70 incheg4.05 feet fullscale)is shown inFigurel7a. All five particles within the
swarm converged to the global best cost with the incorporation of the smartest
particle Figurel7a). The loss of diversity of individuals within a population is a
symptom of prematureonvergence because of the loss of the exploration capabilities
of the individuals. Rather than having multiple particles close to one another in
paosition and following similar search paths, the particleSigurel7a retain their
diversity.

The global best cost for each iteration is showRigurel7b. Points with
both particle number and cost identified represent an update to the global best cost.
Figure18 andFigure19 depict the envelope plot of the minim@pfor the optimal
parapet height at 45° and 90° respectivélyis illustrates the balance in minimu@p
on the pof and top of the papet wall Figure18) and inner parapetall surfaces
(Figurel9). This balance is expected because the suction on the roof, top of the
parapet, and inner parapet walls were given equal weight in theiebjmction.

The global best cost nemonotonically converges with the incorporation of
the forgetting function. The global best position determined at iteration 10 of 2.68
inchesmodetscale(4.02 feet fullscalg attracts all particles to this heiglitespite
repeated testing of this particular position after it is found to be the global best
position, the position of 2.70 inchewdelscale(4.05 feet fullscalg is found to
produce a better cost once the paractést at iteration 10 is forgotterhi$ suggests
that the solution found to be the global best at iteration 10 was not representative of

the height of 2.68 inchenodelscale(4.02 feet fullscale)and can be considered an
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outlier. Similarly, the solutin at 2.70 inchesiodetscale(4.05 feé full-scale)may be
an outlier, which would be revealed by continued testing.

The optimal result corresponds to afsitlale parapet height of 4.05 feet, an
otherwise nofintuitive design This parapet height simultaously minimizes suction
on the roof ad parapet surfacése., the inner parapet walls and top of the parapet)
According to theBuilding Code Requirements for Masonry Structutbe height of
structural parapets should not exceed 3 times their trssKkA€I/ASCE/TMS,
2011).The optimal fli-scale height found satisfies this limit of @ feet as applied to

the current building.

Particle Convergence
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Figurel?. (a) Particle convergence at each iteration and (b) Iteration histgrglfi
best cos{dimensions are in modsktde).
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Parapet: 2.70 in., Wind angle: 45°, Min Cp
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Figurel18. Minimum Cp for optimal parapet height, 45° wind angle shown
(dimensions are in modetale)

Parapet: 2.70 in., Wind angle: 90°, Min Cp
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Figure19. Minimum Cp foroptimal parapet height, 90° wind angle shown
(dimensiongare in modekcale)
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4.3 Golden section seardiGSS)

Single-objective optimization was performed on the parapet model using GSS
integrated into the CPS approackadlalternative objective functions were
consideredising GSS(1) minimizing the magnitudef peak suction on the roof,

inner parapet walls, and top of the parapet (Surfadésib Figure 12) and(2)
minimizing the magnitude of peak suction and positive pressure on the roof, inner
parapet walls, and tagf the parapet (Surfacesl® inFigure 12). Each candidate
solution was evaluated at approach wind angle&dand90° to minimize the

number of BLWT runs, as these angles were expected to produce Oriticles A
toleranceof 0.001 inchegmodelscale)was selected for the GSS algorithm to ensure
that the search space converged to a single parapet height. Based on the desired

tolerance andquation(6), atotal of 18 desig iterationswere performed

4.3.1 Minimization ofpeak suction (Case 1)

Large suction can be damaging to both components and cladding or contribute to
windborne debris. kereasing the parapet height will reduce the suction on the roof
surface, the majordmefit of installing parapet walls. At the same time, increasing the
parapet height will increase the suction on the inner pavegdkst This balance
creates the desigratteoff explored in Case 1. The objective is selected as a
minimization of the maximm magnitude of the peak suction consideringtihiéding
roof and parapet surfaces (i.e., the inner parapet walls and top of the parapet)

CPS optinization was conductedith results summarized ihable4 and
Figure20. Peak suction valudsr bothGSSintermediate pointateach iteration are
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1072 shown inTable4. The convergence of the search space towards the optimum height
1073 of 2.80 inckesmodelscale(4.20 feet fullscalg is shown inFigure20. The initial

1074 domain bounds (iteration 1) were [0, 4.50] inches. At iteration 1, the intermediate
1075 points producednodetscaleparapet height® of 1.72inches and 2.78 inches based
1076 onEquation(3) and(4). The measured ;; of the two intermediate points were

1077 4.71 and 4.24Table4). Since the objectivéunction was to reducé ;  (suction

1078 only for Case 1)Q 2.78 inches was a better candidate design than 1.72 inches. As
1079 aresult, the domain [Q,72] incheswas discarded and the domain bounds for the

1080 next iteration (iteratio?) becam¢gl.72, 4.50] inches This procedure was repeated

1081 for the maximum number of iterations.
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Figure20. Parapet height iteration history using GSS (Cagditjensions are in
modetscale)
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Table 4. Parapetheight and f - .y iteration for GSS (Case 1fdimensions are in

modelscale)
_ Intermediate Pointp Intermediate Pointp
Iteration
"Q [in] 0 "Q [in] 0

1 1.72 4.71 2.78 4.24
2 2.78 4.48 3.44 4.67
3 2.38 4.36 2.78 3.94
4 2.78 3.94 3.03 4.23
5 2.63 4.16 2.78 4.12
6 2.78 4.16 2.88 4.03
7 2.88 4.34 2.94 4.35
8 2.84 4.18 2.88 4.35
9 2.82 3.82 2.84 3.91
10 2.80 3.84 2.82 3.89
11 2.80 4.18 2.80 3.91
12 2.80 3.97 2.80 4.05
13 2.80 4.09 2.80 4.42
14 2.80 4.04 2.80 4.03
15 2.80 3.84 2.80 4.23
16 2.80 3.93 2.80 3.81
17 2.80 3.90 2.80 3.96
18 2.80 4.10 2.80 4.38

Table 5. Parapet height and max(Fo - |, | fi + 4) by iteration for GSS (Case 2
(dimensions are in modelscale)

Intermediate Pointp Intermediate Pointp
Iteration
Qin] Imaxl6x B N QL] [ max(6n [[Br
1 1.72 4.69 2.78 3.94
2 2.78 4.28 3.44 4.88
3 2.38 4.57 2.78 3.93
4 2.78 4.16 3.03 4.35
5 2.63 4.21 2.78 4.19
6 2.78 4.25 2.88 4.36
7 2.72 4.00 2.78 4.20
8 2.69 3.95 2.72 3.95
9 2.72 411 2.74 4,24
10 2.71 4.00 2.72 4.02
11 2.71 3.99 2.71 3.96
12 2.71 3.82 2.71 3.89
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1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

13 2.71 4.11 2.71 4.03
14 2.71 3.99 2.71 4.02
15 2.71 4.02 2.71 4.20
16 2.71 4.06 2.71 4.16
17 2.71 4.00 2.71 3.98
18 2.71 3.96 2.71 4.03

The variability of peak suction due to the experimentalrigss seen for
iterations 12 through 18, as both intermediate points have the same parapet heights
for these iterations. Despite being at the same height, the measgiredor
iterations 12 through 18 vary between intermediate points and across iterations.
Figure21 andFigure22 depict the plot of thé ;  values orthe envelope of the
building for the optimal parapet height at 45° and 90° respectively.illisgates the
balance idarge magnitudes @f ; on the roof and top of the parapet wadigure
21) and inneparapewalls (Figure22). Lowering the parapet would increase suction
on the roof at 45while raising the parapet would increase suction on the inner
parapetwvalls at 9C'. This balance is expected because the suction on the roof, top of
the parapet, and inner parapedlls were given equal weight in the objective
function. The optimal result corresponds to afsdiale paragt height 0f4.20 feet
This parapet height simultaneously minimizes suction on the roof and inner parapet
walls. Accoding to the Building Code Requirements for Masonry Structures, the
height of structural parapets should not exceed 3 timesttiekness
(ACI/ASCE/TMS, 2011). Theoptimal height found satisfies this limit 4f50 feetas

applied to the current building.
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Parapet Height: 2.80 in., Wind angle: 45°, Min Cp
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Figure2l. ri - .for optimal parapet height, 45° wind angle shd@éimensions are in model
scale)

Parapet Height: 2.80 in., Wind angle: 90°, Min Cp
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1099 4.3.2 Minimization of peak suction and positive pressure (Case 2)

1100 As the parapet height increasts positive pressure increasi®r regions oftheroof
1101 and thewindwardside of the leeward parap@wsitive pressures on the roof are
1102 additive to gravity loads, which sancrease the forces on structural members.

1103 Positive pressures on the windward side of the leeward parapet wall are additive to
1104 the base moment and base shear of the parapet wall and the structure. Formally, the
1105 objective of Case 2 is to minimize the nraxim manitude of peak suction and peak
1106 positive pressures on the raofd parapet surfaces (i.e., the inner parapet walls and
1107 top of the parapet)he relative importance of reducing suction versus positive
1108 pressure is not considered; they are treatedlgqua

1109 CPS optimization was conducted with results summariz&dbie5 and

1110 Figure23. Themaximumof @ |, 0 5 |) for both intermediate pointst each
1111 iteration is shown iTable5. The convergence of the search space towards the
1112 optimummodelscaleheight of2.71inches(4.07 feet fullscale)is shown inFigure
1113 23 Similar to Case 1, there is variability of the maximum suction due to the

1114 experimental testing best seen for iterations 12 throughdk&oth angles of 45° and
1115 90° thepeaksuction on the surface®nsderedis greater in magnitude than theak
1116 positivepressurand therefore governs the desighe results for the envelope of
1117 peak suction pressures at the optimal parapet height are similar to tifageref1
1118 andFigure22 The optimal height corresponds to afsitlale parapet height of0.
1119 feet which satisfies the limit o4.50 feet according to the Building Code

1120 Requirements for Masonry Structures as apgieethecurrent building

1121 (ACIASCE/TMS, 201J).
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Figure23. Parapet height iteration history using GSS (Cagdi@jensions are in
modetscale)

4.4 Multi-objectiveparticle swarmoptimization(MO-PSQ)

Multi-objective optimization wagerformed on the lowise building using MEGPSO
integrated into the CPS. The objective was to determine the optimal parapet height
that achieves the best compromise in reducing peak suction on the roof (Surface 10 in
Figure 12) and peak building base she@hépter 3.k As theparapet height

increases, the peak suctioaminallydecreases for the roof surface while theeba

shear of the structure increases. This introduces an expected tradeoff between

objectives.

Assumingobjective functiosto both minimize thenagnitude ofuction

pressure anthinimize themagnitude obase shear, theoposed procedsr
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1133

1134

1135

1136

1137

1138

determining the cost farachparticle atone exampldéeration is illustrated ifrigure
24. Note that 100 particles are used to clearly illustrate the ParetoTrantost is
taken as the normalized distartcef the particle from the intersection of minimums.
Particleshatare not on th@aretdfront are given an artsary high cost such théhey
are ignored, athere is an objectively better solution on the Pareto .fidre process

is reset at each iteration, only retaining the particle best and global best costs.
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Figure24. Procedure used for determining particle costs at each iteration

4.4.1 Minimization ofpeak pressure and base shear

The problersspecific PSO parameten$ 0 frofando were allselected as 0.Fhese
parameter values produced favorable convergence for a simulated (offline)
optimization trial using previously recorded data from multiple wind angles and
parapet height€£ach candidate solution was evaluated at approach wind arfi@les
and 48 to minimize the number of BLWT runs, as these angles were expected to
produce criticabase shear ani values, respectivelyConsidering the time limits on
experimental resources, a balance was needed between sufficient particles to create
the PSO swarreffect and sufficient iterations to converge. Additionally, an adequate
swarm size was required treate a meaningful Pareto front with multiple Pareto
optimal solutions. Based on an estimat@@ secondper BLWT run,60 second$o
set up the BLWT run,ral two days of testing, 15 particles were selected.

The positions of the particles were initiatgndomly distributed within the

pre-defined search space. A total of 10 iterations were conducted for the 15 particles
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1153

1154

1155

1156

1157

1158

1159

with results summarized fRigure25. The convergence of the particles towards the
optimummodéd-scaleheight of 1.96 inche@.94 feet fullscale)is shown inFigure

25a. 14 of the 15 particles converged toward the global best cost. The one patrticle
which did not converge is due to the particle being eqadtigcted to both its

personal bst cost and the global best cost. The global best cost for each iteration is
shown inFigure25b. Points with both the particle number and the paragighh

identified represent ampdate to the global best cost.
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Figure25. (a) Particle cn\(/t()e)rgence at each iteration and
(b) Iteration history of global best cqslimensions are in modstale)
Figure26 andFigure27 depict the peak suction values; on the envelope of the
building for the optimal parapet height at 0° and 45°, respectitelythe same
height, the maximum peak base shear was 655 kN. Adding the base shear as a design
consideration lowered the optimal parapet height mgarison to the single

objective cases due the tradeoff that is experienced between the decreasing suction

on the roof and increasing base shear for an increasing parapet height.
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Parapet Height: 1.96 in., Wind angle: 0°, Min Cp
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Figure26. Minimum pressure coefficientsrfoptimal parapet height, 0° wind
angleshown(dimensions are in modstale)
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Figure27. Minimum pressure coefficients for optimal parapet height, 45° wir
angle showrfdimensions are in modstale)
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Figure28a illustrates the Pareto front considering all of the candidate designs from all
of the iterations for the defined objective functions (magnitude of peak suction and
peak base shear), the irgection point of the minimum objecévunction values, and

the solution closest to this intersection pokigure28b highlights the iteration that
theglobal best cost is obtained, and the corresponding global best position. The
solution obtained bthe MO-PSO algorithm at the final iteration is identical to the
solution considering all evaluated candidate designs over all iterations, indicating
succeshll convergence.

The optimal design corresponds to a-Bdhle parapet height of 2.94 feet that
minimizes suction on the roof and inner parapet walls and minimizes the base shear
of the entire structure. This heigtdtisfies the limit of 4 Gfeet accorahg to the
Building Code Requirements for Masonry Structures as applied to the current

building (ACI/ASCE/TMS, 2011).
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Figure28. (a) Pareto front curve considering all iterations and (b) highlighting
iteration of global best cost.

74



1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

4.5 Summary

In this chaptea combination of noistochastic and stochasboptimization
algorithms were implemented to minimize the magnitude of suction and positive
pressures on the roof of the rigid, loise parapet building model, followed by
stochastic multobjective optimization to simultaneously minimize the magnitude of
suction presures and minimize base sh@asting details for the lowise parapet
building model are presentedTiable6.

Table 6. Low-rise parapet building model testing details.

GSS GSS
Test (Case 1) (Case 2) SO-PSO MO-PSO
Obiective Magnitude of Magnitude of
stajtement Magnitude of| peak suction | Magnitude of| peak suction;
N peak suction| and positive | peak suction| Magnitude of
[Minimize]
pressure peak base shes
Constraint(s) Domain: Domain: Domain: Domain:
[0, 4.50] in. [0, 4.50]in. | [0, 4.50]in. [0, 4.50] in.
Optimization GSS GSS PSO PSO
method
Wind angle(s)| 45°and 90° | 45°and 90° | 45° and 90° 0° and 45°
Optimal result| 5 ¢ 4.07 ft. 4.05 ft. 2.94 ft
(full-scale)
_Result_s Chapter 4.3.1 Chapter 4.3.2| Chapter 4.2| Chapter 4.4
discussion

In contrast to singk®bjective optimization, a mukbbjective problem
formulation requires a uselefined relationship between independent objectives and
the use of a Pareto front or another method of ranking catieditsigns to obtain the
optimal soluion. When using a Pareto front, a sufficient population of candidate
designs is required for each iteration to create a meaningful Pareto front with multiple
Pareto optimal solutions. Therefore, more particles angnestjas compared to the
singleobjective case, resulting in more required experimental tests. A-plyéctive
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problem formulation enables the analysis of competing design objectives which
cannot be accurately evaluated using shudigective optimizatia.

PSO and other metaheuristics arelwalted for multiobjective optimization.
The formulation is problem independent, making it straightforward to include
additional objective functions. Additionally, populatibased search algorithms such
as PSO arable to populate a meaningful Paretontrin a single iteration (Zhou et
al., 2011). Alternatives such as gradiratsed methods are sensitive to local minima,
require continuous design objective functions, and are typically more computationally
intensive For the proposed model-the-loop agproach to optimization,
metaheuristic algorithms are better suited to address the competing objectives from

multiple stakeholders.
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ChaptAerr oeMasckédwel opment and
Setup

The capabilities oftte CPS optimization framework weggtendedurther to
examinestrength anderviceability limit states in the design and optimization of
wind-sensitive tall buildinglynamics in aboundary layer wind tunnel (BLWTTall
building desig is more likely tomclude BLWT testing (as compared to loise
buildings), providing a more practical application of the proposed CPS approach to
design.

The proposed framework makes use of an aeroelastic building specimen with
physically adjustable dynam(ce., stiffnes$ and aerodynamic (i.e., shape)
propertiesAeroelastic models provide the capability of directly capturing the-wind
induced dynamic rg®nse (e.g., accelerations and displacements) for immediate,
accurate analysis without requiring modal analysis orefieiement analysihe
specimen is instrumented with accelerometers and laser displacement sensors to
directly capture and assess winduced response associated with complex fluid
structure interaction behavior. Numerical optimization algorithms were th
integrated into the CPS framework to evaluate explicit structural performance criteria
related to the serviceability of the struciusgstem.

Thedevelopment of the aeroelastic, tall building specimen and the
experimental equipment used for all BLWEtiag of the aeroelastic speciméor
dynamics optimizatioms described in this chaptdrhe method for empirically
deriving the laterdadeflection from the measured tension readisgsxplained in this

e
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1246

1247

1248

1249

1250

chapter as well. Finally, therocedure for estimity the fultscale building response
with a Kalman filter using &mited number of acceleration and displacement

measurements is presed

5.1 Aeroelastic specimen

A 1:200 multidegree of freedom aeroelastic tall building model was selected to test

the PS framework. The model is based on a prototypst@y benchmark building

presented irYang et al(2004).The fully-constructed speaien can be seen kigure

29. The total height of the model w&= 1.53 m(modelscale) Theskeleton of the

model consisted of a 12 .efie spne)tatwadsd) squar e
rigidly bolted to seven aluminum plates acting as rigid diaphragms. The aluminum
diaphragms were positioned every 187.5 mm along the height of the model. The
bottom end of the steel spine qwaar e i(g0.d3 gy
thick) steel base plate. The nominal building envelope included seweni3Pd

segments (made from ABSI) with recessed corners. The recessed adioweed for

the ingallation of different corner geometries (e.g., square, rounded, chdimser,

Thecorner geometry dfigure29 wasselectedo follow the corner geometry of the

benchmark 7&tory prototype building in Yang et.§2004), which consists of two

chamfered and two square cornerplan Adopting the same corner configuration

would enable comparison and validation with previous studies that conducted

experiments on the 7&ory benchmark building (e.d.u et al. 208). Thecorners

with different geometries were manufactured using 15 pcf polyurethane foam

(General Plastics #FR4515) and installed usimgn x 30mm wooden dowel pins
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1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

(Bear Woods #M@&630) Rubber gaskets were installed between adjacent envelope
segmentslang the height of the model. The total mass of the specimen, excluding
the base plate, was 21.0 kg.

Themodel is instrumented wittourteenaccelerometersvhichwere mounted
along the centerline of the aluminum diaphragms to measure acceleration®oathe
&> anddxdirections as depicted in SectiorfAin Figure29. Additionally, the four
laser displacement sensors were mounted to two stanchions to capture dsflactio
the locald- andd>-directions att = 0.50anda = 0.97Q A system of eight
pretensioned steel cables were used to modify the model stiffness, which will be
discussed in further detail @hapter 5.3 and Chapter 6The model and stanchions
were installed on a turntable in the BLWT. The model was pilynavaluated at
approach angles, of 0° and 45°. Dynamic similitude scaling parametsesveen

the prototyper{) andthe aeroelastic model ¢ ) are summarized imable7.

210 mm
Laser Displacements Aluminum Envelope Ia Wind
e 2 s Diaphragm x7 &
' { gy 7 -
e = 23.2 mm [1/87]
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x8 £
Envelope | oh E
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0.5" Square => Comers = an | =
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& ona
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Figure29. Multi-degreeof-freedom 1:200 aeroelastic tall building specimen wi
the VSDs installed.
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Table 7. Dynamic similitude requirements for the aeroelastic specimen.

Scaling Parameter Similarity Requirement Scale
Length 0 jo pIg mm
Velocity Y FY 0 10 pj Vg
Time o 10 0 10 pi g Tt
Frequency & T 0 10 V¢ T
Displacement 0j0 pj i mm
Mass 0 T prq T
Acceleration » PP
Damping - - PP

1264 5.2 Experimental equipment

1265 Wind tunnel experiments with the aeroelastic, tall building model were conducted at
1266 the same University of Florida NHERI Experimental Facility as thd,rigw-rise

1267 building model as described @hapter 31. The fans were operated at a constant

1268 RPM of ether 225 RPM or 275 RPM depending on the optimization problem. The

1269 aeroelastic model building installed in the BLWT is showRigure30. The

1270 response of the model was monitored using a series of accelerometers (PCB 333B50),
1271 laser displacement sensors (PanasonidHR5A-C5), and miniature load cells

1272  (Omega LC202200).
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Figure30. Aeroelastic modehstalled in the boundary layer wind tunnel, upwin
view.

1273 5.3 Tension calculation

1274 Following a series of system identification experiments, it was observed that the
1275 lateral deflection at different locations along the heaflthe multi-degreeof-

1276 freedombuilding model could be empirically derived from the tension readings of the
1277 load cells. Opposite cable pairs were set to the same pretension force. Hence, if no
1278 external lateral force was acting on the specimen the differential tension would be
1279 zero. Hovever, a differential tension would develop when the model was subjected to
1280 an external load, causing the tension of one cable to decrease while the tension of the
1281 other within the pair would increase the same amount. This differential tension was
1282 found tobe gproximately linearly proportional to the lateral building deflection; i.e.,
1283 1 © Y'Y :inthe two principal sway modes. Measurements from the laser

1284 displacement sensors were used to calibrate and validate the load cells; under static

1285 deflection; umg linear regression analyslgure31 shows a reqesentative
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1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

displacement time series comparing the readings of the laser displacements with the
equivalent load cetisplacement values (after calibration) at heigtitg§ = 0.50and
a=0.970 A similar time series to the onekigure31 was used to calibrate the load
cells.Very good agreement is observed between the laser readings and the calibrated
load cell displacements in both the lodaland&- directions under static loading
conditions. However, preliminary BLWT pgriments revealed excessive noise in the
laser measrements under winthduced dynamic loading, when compared to the load
cell readings. After further investigation, these discrepancies were ascribed to signal
contamination due to the dynamic responstnefstanchions supporting the laser
sensorsKigure30). Therefore, the equivalent load cell displacement readings were

used to assess the wimdluced response of the tall building specimen.

~ 30 ‘ = 20 T
E 20 | X-Axis Calibration 2/H=0.97 | E 15 + Y-Axis Calibration 2/H=10.97 .
= = 10+t 1
"qc: 10+ ‘;&)’ 5t 1
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Figure31. Equivalent load cell displacement calibrated to the laser displacen
sensor (LDS) measurement at z = 0.5H and z = O(8lifthkensions are in model
scale)
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5.4 Kalman filtering

Kalman filtering(Kalman, 1960Kalman& Bucy, 1961)was integrated into theéPS
framework (seéigure37) to estimate the full (i.e., 76 DOF) building response based
on the dynamic properties of the prototype system, (nass and stiffness matrix)
and a limited number of acceleration and displacemensuneaents. This allowed
for theevaluation of intesstory displacemertetween consecutive stories for all 76

floors.

5.5 Wind simulation

Simulation of upwind terraiwas achieved via the Terraformer, a computer
controlled terrain generator located upwofdhe BLWT testing section (as outlined
in Chapter 3.). For all experimental resulthé roughness grid was set to a uniform
element height o= 60 mm and the widedge of each element was oriented
perpendiculato the incident flow. Thigrid configuration was selected to simulate
sparse suburban terrain exposure.

Figure32adepicts normalized mean velocity and londihal turbulence

intensity profiles for two wind velocities (i.e., hazard intensities). The measurements

were collected at the BLWT testing sectiom the absence of the building specimen

T using Cobra probe ssors which were mounted to an automatedrgasystem.

Each velocity (point) measurement was taken for 120 seconds at a sampling rate of

1250 Hz. The mean longituthl wind velocity at 1.5 m (ne#éne height of the
specimen) was 3.5 m/s and 4.3 m/s fertivo hazard intensities considered, which

correspond to fulkcale wind speeds of approximately 49.6 m/s and 60.88 m/s,
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1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

respectively. The mean velocity profile data was fitted to the ptameprofile,

which is commonly used in wind engineering and caaxpgessed as
— - (17

where™Y is the mean wind velocity at elevatidn is the powedaw exponent (i.e.,

fitting parameter)’Y s the reference mean wind velocity at elevation = 1.5 m

abovethe tunnel floor. Powelaw exponents gf = 0.22and 0.19 were found for

% 3.5 and 4.3 m/s, respectively. According to ASCEL292012), these power
law exponents represesparse suburban terrain conditions (e.g., Exposurei@)re
32b also includes the normalized longitudinal velocity spectra measured at 1.5 m.
Very good agreement abserved between the measured fluctuating wind flow and

the spectral model presented in Kaimal (1978) for the two referencerelimcities.
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- 1.0} ¢ S : h=60mm |
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Figure32. (a) Normalized mean longitudinal velocity and turbulence intensit
profiles. (b) Longitudinal wind velocity spectraat z = 1.5 m.

5.6 Summary

In this chapter the development of the aeroelastic, tdllingi specimen and the

experimental equipment used for BLWT testing of the specimen was described in
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1332

1333

1334

1335

1336

1337

1338

detail. The experimental equipment implemented for the research of the model was
subsequentlynovided.The details of the simulation apwind sparse sulbloan

terrain wee presented. In addition, moesdale and fulkcale displacements are

derived from cable pair tension readings and the application of a Kalman filter. These
displacements will fan a portion of the basis of performance evaluation during

optimization.
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ChaptCPrS 6Sebuypafdptsmi zati on

This chapter details the selectiontioé physially adjustable design variabded
creation of a suitable actuation system foraberol of the structural dynamics of the
aeroelastic, tall blding model. This is accomplished through the use of variable
stiffness devices (VSDs) to adjust the model building stiffness. The control of the
dynamic properties of the specimen through the ¥ &i2 validated through initial
system identification expenents.The framework for providing data and power for
controlling the actuation systeis described to thoroughly depict tbemmunication
between cyber and physical components in the CPS inatipgthe aeroelastic

model for optimizing dynamic propersie

6.1 Variable stiffness devices

Physical adjustment of the stiffness properties (i.e., modal frequencies) of the model
was achieved through a system oihstaked g h't
inside the model. The top ends of the cables wenmected to the 4th or 7th
diaphragmsKigure29). The bottom end of each cable was connected to a 200 N
miniature load cell (Omega LC201), located near the base of the model. The bottom
of the load cell was fixed to a threaded rwhich was rigidly connected to the tip of

a cantilever beam of\ariable stiffness devic&/ED); as shown ifrigure33. The

length of the cantilever bear®( + &) was adjusted bgriving a slider block along

the length of the beam using a stepper motor coupled to a 300 mm captured lead
screw. Encoders mounted to the back of the VSD stepper motors provided closed

loop feedback control to ensure tihesired VSD cantilever length (i.€2, ) was
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1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

reachedAll eight cables were pretensioned such that they remain in tension
throughout testing; i.e., the cables wdlverfisag whenthe model deflects laterally

due to an external wind load

Variable Stiffness Device (VSD) 12.7 mm [0.5"]
Square Steel
Aluminum Spie
Diaphragm Equivalent
@3.2 mm [1/8"] System  127mm[0.5]

Square Steel
Spine

Pretensioned — ‘
VSD TestBench ~ Steel Cable 3. Alummum
i Diaphragm

219 mm [0.75%] .
Steel Pin Load Cell ¥ TvsD @2 M 1eT
Cantilever Pretensioned —4
Steel Beam \‘\ e dysp b § b Steel Cable
Kcable

2
-
>
<
w
o

i Lead Screw

Stepper Motor Slider Block € i
w/ Encoder

Figure33. Physical (left) and equivalent (right) system of variable stiffness de
(VSD) mechanism.
The equivalent (linear) stiffness of the steel cable ( 0 ‘@b ) and
cantilever beam is illustrated Figure33. Assuming EuleBernoulli beam behavior,

the equivalent stiffness of the cantilever beam is

0 Q
, = (18
TQ w

In Equation(18),0i s t he Youngds modul ug of
andQ are the crossection dimensions of the cantilever beam; i.e., width and depth,

respectively. FronEquation(18), it can be deduckthatyd  is inversely

proportional toQ
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1371 6.2 System identification

1372 Initial system identification experiments were performed to validate the effdot

1373 VSDs on the dynamic properties of the specinkégure34a depicts the theoretical

1374 (FEM) and estimated 1st mode natural frequencies of the talingumodel for a

1375 range of cantilever length®( ). For this initial validation test, all eight VSDs were
1376 set to the same caletver length élthough each VSI» controlled individually. The

1377 theoretical curve was constructed by perforn{imgmerical)modal analysis on the

1378 FEM model, while the experimental frequencies weitaiabd from the first peak of
1379 the acceleration power spectra measuatetie 7th diaphragif = 0.870).

1380 Reasonably good agreement is observed between the numerical and experimental
1381 results.Figure34b also shows free vibration experimeintshe @-direction for the

1382 VSD configurationQ = 30mm, which produced a 1st mode full scale natural

1383 frequency of approximately 0.183 Hz. Very similar natural frequencies were also
1384 observed in théxdirection. Damping ratios in the- and- directions ranged from

1385 =2.4%3.5% and were estimated using thg tkecrement method. The range-of

1386 values is a result of changes in the VSD configuratidrich alters the natural

1387 frequency of the modeTlheseestimated damping ratios are larger than the wvaflue
1388 1%seleced for the fullscale benchmark building (Yarg al, 2004). Attempts were
1389 made to reduce the structural damping of the physical specimen as much as possible.
1390 However, the damping values were considered acceptable to evaluate the proposed

1391 CPS framework.
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Figure34. (a) Funcamentaimode natural frequency of aeroelastic specimehe
@>-direction for a rangef Q . (b) Representative free vibration time senethe
@-direction forQ = 30 mm(dimensions are in modsktale)

6.3 Cyberphysical setup

A detailed schematic of the actuation, sensor, and computer lvargetap in the
boundary layer wind tunneBLWT) for the aeroelastic testing considering the VSDs
is illustrated inFigure35 respectively. For the aeroelastic testing considering the
VSDs computational hardwaracluded an instrument and a coordinating computer,
both located infte BLWT control room. Theoordinating computer executed the
main MATLAB scriptwhich would call a Python script to send commands to the
instrumentation computer through a leea¢a netwrk. These commands would set
testing parameters (e.g., test duravoisampling rate) and initialize the data
collection. The instrumentation computer would primarily collect sensor data
measurements using LabVIEW software. For the model serigbascetrometers
were connected tNational Instruments (NNibration inpu modules (NH9234),

while voltage input modules (NM205) and signal conditioners (PCB 81&P1A)

were used for the load cells. The NI modules were housed irsk 8SB NI
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1406 CompactDAQ bassis (cDA@178) and the signals were directly sent to the
1407 instrument computer through USB. Sensor data from the accelerometers and load
1408 cells wassynchronizedaind sampled at 500 Hz. Reahe measurements from all the
1409 sensorsveremonitored on the ingtimenationcomputer and all dataastransferred
1410 to the NHERI Desig8afeCl Data Depot repositor§Rathje et al., 2017)
1411 automatically in near redime (within240 secondsef data collection)
1412 Figure35 shows the VB stegper motors located below the model, each
1413 equipped with anotor controller (NanoteEMCI36). The controllers communicate
1414 with aRaspberry Pi 3 which rec&gcommands from a Pythatriptrunningon the
1415 coordinating computdo adjust the cantileveehgth of each VSD (i.eQ ; see
1416 Figure33).
Wind

—] g o i .. BLWT Control Room

— {instramentation | |

I Held ; (Defg;m::%so)

j‘ e B ccosnmsens.s Fm@ _____ LabVIEWVI

T e | “ 59939535 || cooramns [N

> (Omega Lcwz0t) | Somaemtesih e 11 ] i S

7/ Wind Tunnel Fioor oy =5 (Tuwer5810)

— = = = | | MATLAB Scripts
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(Nanotec Ls411as1404)J =5 ‘

f Motor Controllers
| (Nanotec SMCI36)
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UsB3 H

Ethernet
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UF Network
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| (Sabrent HB-U14P) |

Figure35. Schematic of actuatiosensor, and computer hardware for CPS aeroele
experiments in the BLWT considering VSDs.
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1418
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1420

1421

1422

1423

1424

6.4 Summary

This chapter desibes thedevelopment of the aeroelastic, tall building specimen
required for optimization of structural dynamics within the CPSaétmation system
comprised of VSDs is used to physically adjust model building stiffness and modify
structural dynamic<Control of structural dynamics is validated through initial
identification experiments. The communication of both data and powenwiii
CPSincorporating the aeroelastic modaprovided to provid a better understanding

of the communication betweenlsr and physical components.
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1425 Ch a p/tAeerr o eTastaindg Dy @ptmi mszati on

1426 This chapter details thestingof the aeroelastic, tall building modeith the VSDs
1427 comprised of preliminary results in the form of a test matrix andttireeresultand
1428 analysisof stochasti@ptimization problemgresentegubsequentlyThe test matrix
1429 for the VSD testing includesdiscrete set of wind approach angles for a

1430 comprehensive set of VSD cantilever lengths.

1431 7.1 Initial test matrixfor VSDs

1432 A test matrixfor the VSD testingvas obtained by testing wind approach angles of 0°

1433 and 45%or two different corner geometrieBigure 36).

210 mm

210 mm

210 mm | | 210 mm |

Figure36. Corner geometries for VSD test matrix.
1434 The different modelanfigurations were created by exchanging the square corners for
1435 chamfered corners amite-versa. This was performed to position the stanchions on
1436 the leeward side of the building for an approach angle of 45° to minimize blockage
1437 effeds.VSD cantilever lagths from 10 mm to 220 mm were tested@@rseconds
1438 for each wind approach angéincrements of 10 miior each corner geometryhe

1439 test matrix served to validate that all of the accelerometers and laser displacement
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sensorsvere returning reasonablatd as expected. In particular, because the
building was symmetric for Ot was straightforward to identify any inaccuracies
inconsistenciewith sensors or model construction.

The purpose of the test matrix was to obteaming data to develop atier
understanding of théynamic response of the building for varying VSD
configurations. This allowed for the development of realistic objective functions for

the optimization of building performance in consideration of th® \¢8nfiguration.

7.2 CPS famework for stiffness optimizatienth VSDs

7.2.1 CPS stiffness optimization problem

The main objective for most singtéjective optimization problems for lateral

stiffness design of tall buildings is minimization of structwveight Chan et al.,

2009 Spencek Kareem 2014 Huang et al., 20)5since it typically renders a

savings in material and construction cost. Weight minimization is often constrained
by serviceability and/or strength requirements to ensure adequatersiruct
performance during madate and extreme loading events. Satisfying these
constraints often warrants an increase in the lateral building stiffness, consequently
leading to a heavier structural system than desired. Therefore, numerical optimization
methods are commonly applied &mtomate the design and minimize the stiffness of
the lateral structural system while meeting serviceability and strength constraints. In
the case of tall and slender structures (i.e., large h@ghidth ratio), serviceabilt

(e.g., floor acceleratiqrbuilding drift) constraints often control the optimum design

over strength requirements (elgernandexCaban& Masters2018), where the
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estimated (or measured) building response is compared againspaskied or

codebased target response thresls (or limits). These limits can be explicitly
formulated in a deterministic or probabilistic manner (e.g., Sp&néeffre, 2012).

In this study, the RMS horizontal acceleratiary, , from Equatior(13) is selected

as the serviceability criteria for occupant comfort for the optimization process, since

it experimentally provides a more repeatable statistical measure of acceleration.
Nevertheless, measured peak accelerations are also evaluated and compared to peak
threshold during posprocessing.

For most tall buildings, the dominant modal frequency is commonly used as
an indicator of the overall lateral building stiffness. In theppsed CPS stiffness
optimization framework, the objective is to minimize the natuegjdency (i.e.,
stiffness) of the building specimen, while satisfying serviceability requirements
related to occupant comfort, overall and irdeary drift criteria. Inother words,
finding the most flexible VSD configuration that meets acceleration efiection
limits. Mathematically, this can be formulated as follows:

Find a solutionp & o Foo oo , to the problem
Maximize™ Q0 ® w0 W o
subject to the constraints
Mo — p TAE QO pBRI
W W Q pBh
or

~

M o6 —— p NMAE O pBRI
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1477 whereo is the design variable vector representing the cantilever length%Xi.e),of
1478 the four VSDpairs;"Q0 is the constrained objective functiah; is the measured
1479 floor accelerationgis the target acceleration threshold; where is the
1480 relative lateral displacement of adjacent stoties; is the allowable intestory
1481  drift limit; & fis the total number of storie¥;is the lateral building deflection at the
1482 top story;Y is the allowable overall deflection limit. Thdjective function is
1483 chosen as the sum of the cantilever lengths of the four VSD pagsoptimization
1484 problem is formulated as a function maximization problem since the cantilever
1485 lengths are inversely proportional to the natural frequency of thieuiéding

1486 specimen;i.e., increasify decreases the stiffnedsidure34).
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Figure37. Cyberphysicalframework for tall building dynamsoptimization in the
wind tunnel.

1487 The constrained objective functido was transformed into an

1488 unconstrained one usirgpenalty function approach as follows:
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in whiche ¢ is the unconstrained objective functionis a penalty coefficient and

0 0 is the penalty function.

7.2.2CPS siffness optimization algorithm

The generation of new candidate designs within the Cifefivork is driven by a
numerical optimization algorithm. The algorithm evaluates the performance of each
candidate and updates their physical attributes (e.g., stiffness) until a convergence
criterion is satisfied. In general, the CPS framework can bé dmalnd virtually any
stochastior non-stochastic (g., gradientbased) optimization algorithm. The user

can select the most suitable optimization strategy after considering the nature and
complexty of optimization problem; e.g., size of the searclcepaumber of

objectives, etc. Particularly, metaheuristic search algorithms have gained considerable
attention in recent years due to their practicality and efficiency in finding near
optimum solutbn to complex (e.g., highly ndmear) engineering probims in an
acceptable timescale. These algorithms apply intelligent heuristic search strategies to
efficiently investigatevia randomizationthe search space of candidate designs. The

main componestof metaheuristic algorithms are diversification (orlesation) and
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intensification (or exploitation). To some extent, all metaheuristic algorithms use
some compromise between the local search (i.e., exploitation) and global exploration
of the search gce Gandomi et aJ.2013.

This study employs a recentieveloped explorthenexploit (ETE)
metaheuristic optimization strategy (Fernan@aban& Masters2018) into the CPS
framework. The algorithm hybridizes two weltablished metaheuristic stratey
namely particle swarm optimization (PSO) &id Bang-Big Crunch PSO is a
metaheuristic technique which mimics the social behavior of organisms such as bird
flocking and fish schooling (Kennedy Eberhart 1995) and has proven effective in
the globalinvestigation (i.e., exploration) of large design dorairheBig BangBig
Crunchalgorithm was originally developed Igrol and Eksin (2006and was
inspired by one the theories of evolution of the universe. The generation of new
candidate designs is fiermed using the following ETE updating scheme:

0 Of OF& p —"E 'H A& Q pBH (22
where® s the position vector of particl@t iterationQ p rounded to the nearest
integer "O is the position of the ts¢ solution found among all candidates up to
iteration™Q(i.e., global best)d is the best position found by partié®@p to iteration
Oi.e., particle besty—is a control paraeter that linearly increases over a user
specified numbeof generations to control the relative influenc®ofand™O; A is a
normal distribution operator from thigég BangBig Crunchalgorithm Erol & Eksin,

20086. In this studyA is defined(rounded to the nearest integas)

e a0 0 .
"H O OTIA ————— Q piB W (23)
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wherel is a random number from a standard normal distributiana parameter for
controlling the size of the search spabe; andw are the position vectors of the
upper and lower bounds of each design variable, respectively. After each iteration,
is adjusted to increase the influence of the glbleat solution©) on the swarm,

thus effecting a gradual transitiooi exploration to exploitation of the search

space. In this study—is linearly increased after each iteratitfollowing:
— = Qp — (24)

wheae'Q is the maximurmumber of iterations; is a parameter which defines the
iteration when— will transition from a linear variation to a final constant valde;

and—are the initial and final values, respectively.

7.3 Stiffness optimization results andalysis

A series of CPS optimization runs were performed to investigate the effittwy o
proposed CPS framework for optimizing the dynamics of a tall building in the wind
tunnel. The objective for aloundary layer wind tunnel (BLWTuns was to seetke
optimum design that would minimize the building natural frequénay., maximize

‘Q & while satisfying multiple acceleration or deflection constraints. Since different
return periods (i.emean recurrence interva§IRIs)) must be used to evaluate

criteria for occupant comfort and drift, CPS optimization runs were performed for
two reference wind velocities. First, an equivalertyt®RI (Y = 3.5 m/s in the

BLWT) windstorm event was chosen to address acceleration criteria for occupant

comfort, where the acceleration threshold definegoation(13) was compared to
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1556

1557

1558

1559

1560

1561

1562

1563

1564

1565

1566

the (measured) resultamtotmeansquare (RMSaccelerationsd ;  considering

the translational motion in the orthogonal directions.

& & O (25)

Second, CPS expiments were repeated at a higher reference wind velocity to
simulate a 5§r MRI (Y = 4.3 m/s) to assess overall building sway and -stiery
drift constraints in thé andddirection. In these expenients, Kalman filtering
(Kalman, 1960; Kalma& Bucy, 196) was integrated into the CPS framework (see
Figure37) to estimate the full (i.e., 76 DOF) building responasda on the dynamic
properties of the prototype system (i.e., mass and stiffness matrix) and a limited
number of acceleration and displacement measurements. This allowed evaluation of
inter-story displacement between consecutive stories for all 76 floors.

Table8 summarizeshe BLWT testing parameters and constraintdif@r
independat CPS optimization runs. The runs were tested for a 0° wind direction
(Figure29). Different test durationsY were selected to investigate the effect of the
record length on the final solution. As an initial assessmenedEBS framework,
only one design variable was chosen forafs. That is, all eight VSDs were set to
the same length for each candidate design tested in the BLWT. Parameters for the
explorethenexploit (ETE)optimization algorithm were choseniéas 10Q =8,
—=0.3,—=0.8, =06 =1.0,0 =210mmw =10 mm, and)=30. The
population size({) and the maximum number of iteratior@ ( ) were selected
considering the time limits of experimerih the BLWT. The total time required to

perform a single CPS optimizationris approximatelyy Q@ (0 +6  +0 ),
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1582

1583

whereo is the BLWT tests duration (e.g., 60 se0), is the time required to
reconfigure all ght VSDs (180 seconds ando is the time it takes to rotate the
turntable to a different wind angle; = O for this study.

Table 8. Hazard intensity and performance criteria for six independent CPS
optimization runs.

, T _ Serviceability
Opti?nliazsation MRI wind Velocity, 'Y Duration,”Y Limit States
RuUnN (yr) | Full Scale| BLWT | Full Scale BLWT
(m/s) (m/s) (min) (sec)
CPSOC-1 10 49.5 3.5 14 60 ResultanRMS
CPSOC-2 10 495 3.5 14 60 acceleration
CPSOC-3 | 10 49.5 3.5 42 180 | (Equation(13))
CPSDR-1 50 60.8 4.3 14 60 Overall and
inter-story drift
CPSDR-2 50 60.8 4.3 14 60 in thed> and
w-direction

7.3.1 Occupant comfort (MRI = 19r)

Figure38illustratesiteration histories from three independent CPS optimization runs
for occupant comfort. The whiskers at each iterateEpresenf  (or frequency )
statistics (i.e., mean, maximum, minimum, an! 86d 74" quantiles) froma
populatonofd = 10 candi date designs ( digure ed
38, the F'mode natural frequencies on the left vertical axis of each subplot were
obtained from radal analysis using the numerical FEM modegure34a), which
provides a continuous function &f for everyQ . The three subplots display
similar convergencbehavior. Early iterations show a broad distributioi®of

lengths, enabling exploratiori the design domain. At late stages of the optimization
process, the particles congregate and exploit the region around the global best

solution. The final (futscale) natural frequency for the three runs were 0.173, 0.168,
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1584 and 0.176 Hz, respectively. T$eefrequencies are slightly higher than that of the

1585 benchmark building (Yang et al., 20@4;= 0.16 Hz).

Convergence History (MRI = 10-yr) Convergence History (MRI = 10-yr)

012 22 012 122
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&£ 0.18 4 & 0187 4

0.19 n,=0173Hz 12 0.19 | n,=0168Hz 12

0.20 . P— " . o R . 0 020t . PR A " 0

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Iteration Convergence History (MRI = 10-yr) 22 iteration

0.12 |

= cPs-pce 199

<= 013 ¢ Final Solution 116 =

e 114

= 0.14 {12 =

2 015 ‘ {10 2

S o016 18

g 017 é é 16

& 0.18 14
0.19 n,=0176 Hz 12
0.20 ‘ ‘ 1 o

1 2 3 4 5 8 T 8
Iteration

Figure38. Convergence history from three independent CPS optimization rt
(MRI = 10-yr) (full-scalet ).

1586 Across, along, and resultant RMS acceleration response at seven measurement
1587 heights are depictad Figure39for the final solution of run CR®C-3. Although

1588 accelerabn criteria were evaluated at the seven heights (i.e., 7 acceleration

1589 constraints), it was anticipated that the highest measurement hergbt&70

1590 wouldcontrol the optimum design. Further, it is evident fieigure39 that the

1591 acrosswind response contribution to the resultant is consistently greater than the

1592 alongwind acceleration. The higher acragmd response can be attried to vortex

1593 shedding, where is near the shedding frequency of the vortices. The Strouhal

1594 number relates the shedding frequency to the flow velocity and the characteristic

1595 dimension of the bluff body and is defineddg ¢ 6 XY ; where¢ andé are the
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1596 shedding frequency ahthe width of the building normal to the mean flow,

1597 respectively. Strouhal number values have been reported to be in the ran@el8.12
1598 for a square building with chamfer cornéesg., Tanaka et al. 2013). AssuilY &
1599 0.14, thert ~ (014)(49.5 m¢)/(42 m) = 0.165 Hz. This value is very close to the
1600 final natural frequencies of the building for the three CPS runs. The larger-across
1601 wind acceleration can also be observeBigure40, which shows acceleratn time

1602 histories att = 0.870for CPSOC-3.

T
75 CPS-OC-3 : 1306
70 (n, =0.176 Hz) . {080
65 | : 1260
60 1240
55 1220 €
g 50f 1200 _*g
€ 451 1180 -5
340t {160 T
g 35 1140 ®
T30 1120 2
25 1100 32
20 180
el ——X-Axis || 60
107 —o— Y-Axis 140
Sr —e—Resultant| | 20
0 ' : : ' : : 0
00 02 04 06 08 10 12 14

Acceleration Ratio, a___/a
rms’ L,rms

Figure39. Final horizontal RMS acceleration ratios from of run €RS3 (full -
scalee =0.176 Hz).
1603 Table9 reports natural frequencies and accdieraratios obtained at

1604 different stages of the CPS optimization process for runGeS8. Means and

1605 standard deviation®present statistics of tlile= 10 candidate designs evaluated at
102



1606

1607
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1610

1611

1612

1613

1614

1615

1616

1617

1618

1619

1620

1621
1622

1623

each iteration. Larger standard deviations of frequency and ad¢melertio occur at
early iterations, which indicates a greater spread of candidate designs to promote
exploration of tle search space. The candidate designgregate at the late stages of
the optimization process, where standard deviations of freqaencgcceleration
reach values of 0.005 Hz and 0.069 at iteration 8, respectiadhe 10 includesthe
acceleration ratios &f'O= 0.87 for the three runs. Target RMS accelerations were
obtainedfrom Equation(13) basedon the (fultscale) natural frequency of the
building and MRI = 16yr. The best design for run CRBC-3 achieved an
acceleration ratiof 0.997 aix = 0.87Q while runs CPSDC-1 and CPSOC-2

reported minor constraint violations, with ratios of 1.023 &i8d 3, respectively.

Slight constraint violations are not uncommon when using the penalty functions as
the constraint handling apprda&Experimenting with different penalty coefficieny (
values is one method for mitigating this problererfiay, 200%. Nevertheless,
constraint violations in CROC-1 and CPSJC-2 are considered negligible.

Table 9. Iteration history of natural frequency and acceleration ratio for CPS
optimization run CPS-OC-3 (Candidate designs tested per iteratior! = 10).

¢ (H2) : atd=0.870

fteration Standard Standard

Mean Deviation Mean Deviation
1 0.165 0.025 0.959 0.203
2 0.152 0.023 1.052 0.262
3 0.160 0.018 0.944 0.117
4 0.168 0.014 0.945 0.141
5 0.170 0.009 0.930 0.078
6 0.168 0.010 0.984 0.092
7 0.173 0.008 0.868 0.100
8 0.172 0.005 0.920 0.069
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1629
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1631

Table 10. Final acceleation response from three independent CPS optimization
runs (MRI = 10-yr).

RMS Acceleration
CPS o | ata ey JO(milli-g) &
Optlgl;znatlon (mm) | (H2) f\long ecross Rszsultant '[arget Wh
Wp W n W Wh

CPSOC-1 49 [0.173| 3.18 | 5.46 6.32 6.18 | 1.023
CPSOC-2 60 | 0.168| 3.14 | 5.28 6.14 6.06 | 1.013
CPSOCGC-3 44 [0.176] 3.28 | 5.19 6.14 6.16 | 0.997

- Horizontal Acceleration at z/H = 0.87 (MRI = 10-yr)
T T T T

T T
25~ CPS-OC-3 (n, = 0.176 Hz) -
20 — —
15— —

Ml L ‘
‘l’“lmlumu. il ';’lfw il |,'" Il'“llllxj W”“W | ~'|nh ")l?‘nl,,{w- SV ‘rly "M ,

gg : ——a,, (Across) —a, (Along) _

.30 I 1 I I I 1 1 1
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Full-Scale Time (sec)

Acceleration (miIIi-g)

24 T T
22| CPS-0C-3(n, = 0.176 Hz)

20
18
16 —
14 -
12 -
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I T B |

OoON B O

| | | 1 |
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Full-Scale Time (sec)

o

Figure40. Time histories of along and across (top), and resultant (bottom’
acceleration att = 0.870from run CPSOC-3 (full-scale¢ = 0.176 Hzand model
scaleaccelerations

7.3.2 Overall andnter-story drift (MRI = 50yr)

Two independent CPS optimization runs, namely CiRS1 and CPSDR-2, were
executed at a higher wind velocifyy (= 4.3 m/s in the BLWT) to evaluate drift
criteria; i.e., overall topuilding sway and intestory drift. A btal of 152 drift

constraints were imposed on the optimization problem, which included 75iatgr
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1632

1633

1634

1635

1636

1637

1638

1639

1640

1641

1642

1643

1644

1645

1646

1647

and one top building drift in th& andddirection. The convergence histories of the
two runs are presentedkigure4l1. As previously mentioned, whiskers at each
iteration denoté&  statistics from) = 10 candidate designs tested. Although
noticeable distinctions can be made in the progression toward thedin@on, the
two runs reached nearly identical optimum results. Run-DRS. reached a final
full-scale frequency of 0.180 Hz, whike = 0.179 Hz for CPPR-2. These

frequencies are somewhat larger than the final solutions found for MRy« 10

Convergence History (MRI = 50-yr) Convergence History (MRI = 50-yr)

012 gé 0.12 ég
CPS-DR-1 18 CPS-DR-2 18
;:i 0.13 ¢ Final Solution 16 = g 013 ¢ Final Solution {16 .
- 14 E =~ 114 €
S 014 128 I om 12 8
%) Q O C
S 015 10 Q € 015f 10 :
3 016} 8 T 2 o016} 18 ©
@ 6 @ L 6
= 017 r 047
* 018 ’ 4 “ o8l 4
0.19 n, =0.180 Hz 2 0.19 n,=0179Hz |2
0.20 I : I ! | : . 0 0.20 k ! i \ . ! 1 L 0
1 2 3 4 5 6 74 8 1 2 3 4 5 6 7 8
Iteration Iteration

Figure41. Convergence history from twodependen€PS optimization runs for
drift criteria (MRI = 50yr) (full-scaleg ).

Figure42illustrates peak top and intstory drift ratios for the final solution
of CPSDR-L1. It is evident fronfFigure42b thatinter-story constraints in the across
wind (&) direction are controlling the optimal solution for the chosen hazard intensity
and wind direction (0°). Intestory drift ratios above floor ~6&e near (or at) the
drift limit ("®400), while ratios in the alorgind () direction comfortably meet
inter-story drift requirements. Further, top deflection liM@%00) are easily satisfied
in bothd andd, with maximum ratios 00.44 and 0.76respectively. Drift ratios like
the one showm Figure42 were also observed in the final solution of run €BFS2.

Tablel1 summarizes natural frequencies and across vitheh{er-story drit ratios
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1648 of the top floors during different stages of the CPS optimization process of run CPS
1649 DR-1. Maximum overall and intestory drift for both runs are reportedTable12,

1650 Tablel3Tablel4, andTablel4.

I 1306 761 1306
I 1280 701 1280
I 1260 65 1260
4240 60 r 1240
I - — - - —
§: 220 § 55 220 §
T 1200 & 5501 1000 T
i < 2 =
iy {180 .2 E457 1180 @
Tl 1160 T 340} {160 T
] [ [
-1 11405 5357 1140
I A Lanl 2
1 {1209 T30 1120 %
- - ] | =
, 100 3 25 100 3
I 180 20 180
, I 160 151 160
CPSDR-1 | 140 107 CPS-DR-1 140
5§ (n,=0.180Hz) | |20 5¢ (n,=0.180 Hz) 120
O L L L 1 1 O 0 1 1 1 0
00 02 04 06 08 1.0 12 00 02 04 06 08 1.0 1.2
Top Drift Ratio Inter-Story Drift Ratio

Figure42. (a) Top building drift ratios and (b) intstory drift ratiosfor final
solution of run CPPR-1 (full-scalee = 0.180 Hz).

1651 Across wind displacement time historiesdat 0.970anda = 0.5Q 74" and
1652 38" floors, respectively) for the final solution of CIEHR-1 are shown iffigure43.
1653 Displacements are presented in equivaleihtscale dimensions. Good agreement is
1654 obseved between the measured and estimated displacement ai inetsurement

1655 locations, although small discrepancies are noticeable in some local peak values.
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Figure43. Equivalent ful-scale across wind displacement time histoat floors
(a) 38 and (b) 74 from final solution of run GPR-1 (full-scale¢ = 0.180 Hz
and modekcale displacemerjts

Table 11 Iteration history of natural frequency and aaoss @Y wind inter-story
drift ratio between top floors (7% and 76" floors) for CPS-DR-1 (Candidate
designs tested per iterationd! = 10).

Full-Scale¢ (Hz) | Peak Interstory (>-Drift Ratio (@ 7@ )
Iteration
Standard Standard
Mean . Mean .
Deviation Deviation
1 0.146| 0.022 2.287 1.035
2 0.150| 0.021 1.884 0.779
3 0.161| 0.021 1.685 0.861
4 0.168| 0.019 1.224 0.714
5 0.175| 0.014 1.240 0.731
6 0.177| 0.009 0.991 0.329
7 0.177| 0.004 0.998 0.287
8 0.175| 0.007 0.931 0.302

Table 12. Estimated and measured lateral building drift ratios in= for the
final solution of runs CPSDR-1 and CPSDR-2.

Peak Overall &-Drift Ratio (00 700 )
Story oro CPS-DR-1 CPS-DR-2
Kalman Measured Kalman Measured
10 0.13 0.01 0.01
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1660

1661

1662
1663

1664

1665

1666

1667

1668

30 0.39 0.09 0.08
38 0.50 0.14 0.13 0.13 0.14
50 0.66 0.23 0.20
74 0.97 0.42 0.43 0.38 0.40
76 1.00 0.44 0.40

Table 13. Estimated and measured lateral building drift ratios in-L for the
final solution of runs CPSDR-1 and CPSDR-2.

Peak Overall ¢&>-Drift Ratio ('O 700 )
Story or'o CPS-DR-1 CPS-DR-2
Kalman Measured Kalman Measured
10 0.13 0.02 0.02
30 0.39 0.16 0.16
38 0.50 0.24 0.28 0.24 0.26
50 0.66 0.39 0.39
74 0.97 0.72 0.66 0.72 0.62
76 1.00 0.76 0.75

Table 14. Estimated peak interstory drift ratios for the final solution of runs
CPSDR-1 andCPSDR-2.

Stoties Peak Inter-story @-Drift Ratio (OQI'OQ | Peak Inter-story >-Drift Ratio (@ F@ )
CPS-DR-1 CPS-DR-2 CPS-DR-1 CPS-DR-2

9-10 0.16 0.14 0.27 0.27

29-30 0.38 0.34 0.64 0.64

37-38 0.44 0.39 0.75 0.74

49-50 0.53 0.48 0.91 0.90

73-74 0.59 0.53 1.01 1.00

75-76 0.59 0.53 1.02 1.01

7.3.3 Discussion of stiffness optimization

Results from BLWT experiments validatee effectiveness of the proposed CPS
optimization framework fa¥ autonomousl$ optimizing the dynamics of a tall
building in a wind tunnel, while satisfying usgpecified serviceability performance

criteria. Integratn of an instrumenteahulti-degreeof-freedomaeroelastic specimen
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into the CPS loognabled direct measurement and assessment of building response.
Further, the stochastic optimization algorithms efficiently navigated candidate
designs toward the globapttmum. In the current study, CPS apization runs for
different return periods were performed to assess occupant comfort and drift criteria
independently. Consequently, different optimal solutions (i.e., frequencies) may be
reached depending on the seeability criteria evaluated. In thisse, the designer
may select the higher natural frequency from the two serviceability criteria. For the
building and testing parameters (e.g., wind direction) considered in this study, the
CPS optimization runs assexgdrift criteria produced higher aptal frequencies. In
particular, interstory drift in the acroswind () direction controlled the optimum
design of these runs.

As an initial step, the bulk of CPS runs were restricted to a single design
variable inwhich all eight VSDs were set to the same distance'Q.e.,). However,
in principle, each VSD pamay be given a uniqu@ , thus generating up to four
design variables and enabling exploration of a larger design domain. For instance, the
VSDs may beconfiguredin a manner tachieve different natural frequencies in the
two principal sway diretions (o and®). This is illustrated ifFigure44, which
presats results from an additional CPS optimization run for two design variables.
That is, VSDs pairs in th& andd-directions were set to cantilever lengfds
andQ , respectively. The global best solution after 10 iterat{dght subplot)
wasQ j =6.7cmand2  =7.5cm, which correspond to ftdtale natural
frequencies of 0.164 Hz and 0.160 Hz, respectively. Betijuencies are slightly

lower that the finakolutions shown ifrigure38; where the same frequency was
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1692 enforced in th&> anddr-directions. Slightlydifferent frequencies in the two
1693 orthogonal directions could reduce the int&ien (coupling) between thao
1694 fundamental (sway) modes.
I(eraﬂlrlon“r: 1 Itera»tr!onf 5 “e"’"ﬁ""f 10
ol e | e e
w20 \ G0 & 2,;3 = &% 2;) : : Final Solution
5‘; 15 ] RMSLimit m g ’ 5‘; 15 RMS Limit E.- 5 RMS Limit (61‘,,7' 4159,09)
o 1.0 o= 1.0 .' o< 10 - |
dvsux(c':) v dvsox(“:) e dvsox(”:) e
i dysp,y (€M) i dyspy (€M) ’ dysp,y (€M)
® Along (X) | ® Along (X) ® Along (X)
= Rt | M Mg
Figure44. Convergence history of multivariate CPS optimization run (MRI=:
yr) with independent control of lateral stiffness in éhkeandd-directions.
1695 The propsed cybephysical framework creates a suitable environment for
1696 optimizing the dynamics of talluildings under more realistic loading conditions. For
1697 instance, the influence of neighboring structures can be readily incorporated into the
1698 BLWT setup and eaduated for several wind directions, turbulence levels, and hazard
1699 intensities (i.e., MRIs). Ieontrast, purely numerical optimization methods usually
1700 apply simplified wind loads for a single wind direction and interference effects from
1701 surrounding buildigs are neglected; which may lead to conservative optimum
1702 designs. Furthermore, although thedetation response of the aeroelastic specimen
1703 tested in the present work was primarily dominated by the two principal sway modes,
1704 torsional modes can signifigdly contribute to the horizontal acceleration response of
1705 many modern highise buildings (i..3D coupled mode€hen and Kareem, 2005
1706 The contribution of torsion to the resultant acceleration can be captured
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1727

experimentally through strategic placemehaccelerometers mounted to the
specimen. The use of aeroelastic models is also an attraltéweative to overcome

the limitations of high frequency force balance (HFFB) techniques used in the wind
tunnel, which are primarily suitable for buildingstvuncoupled modes (Chan et al.,
2009). However, to satisfy dynamic similitude requirementsy Vvew wind velocities

(Y <3 m/s assuming a 1:200 model scale) are required to simulate more frequent
wind events (e.g.,-¥r MRI) in the BLWT, which may further magnify Reynolds
number effectslim et al., 2007.

Although the present work focused omaeeability limit states, since these
typically govern the design of the lateral structural system in tall buildings, strength
requirements (e.g., dematmcapacity indices) may potentially be incorporated as
constraints to the optimization problem. Ha®g constraint cheskat the member
level can bring physical challenges related to constructability and-doalimg of
structural members comprising smsdlale (e.g., 1:200) tall building models. One
alternative is to integrate a finite element modehefstructural syste into the
numeri cal (i .e., fAcybero) component of
performance while subjecting the structure to a realistic wind loading in the BLWT.
These CPS experiments can provide direct uncertainty quattificz both the
building dynamics (e.g., stiffness and damping) and the wind loading, which can help
validate numerical probabilistic frameworks for tall building designastamization

(Spence& Kareem, 2014Huang et al., 2012
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7.4 Summary

Preliminary result$or theaereelastic,tall building model with the VSDare
presented in this chapter in detail through the explanation of a test matrix. The
purpose of the test matrix was to verify thatsalhsolinstrumentation waseturning
data asxpectedand to obtain initialraining data to develop an improved
understanding of building behavior for different VSD configuratidimss alloned
for more realistic objective functisrior the optimization of building performance in
consideration of # VSD configuration.

The optimiation problem setup is presented in this chapter in detail, including
the specific objective, constraints, aa@E parametersTesting details for the tall
building model with the VSDs are presented able15andTablel6. The selection

of problemspecificETE parameters werehosen ad =10,Q =8,—=0.3,—=

0.8, =0.6f =1.0, and) = 30.

Table 15. Tall building model testing details with the VSDs for acceleration.

Test CPSOC-1 CPSOC-2 CPSOC-3
Objective statemen .. - v v v v
[Minimize] Wi @i | @R W @R W
Constraint(s) Domain: Domain: Domain:
[10, 210] mm [10, 210] mm [10, 210] mm
Optimization ETE ETE ETE
method
Wind angle(s) 0° 0° 0°
Optimal result 0.173 Hz 0.168 Hz 0.176 Hz
(full-scale)
_Result_s Chapter 7.3.1 | Chapter 7.3.1 Chapter 7.3.1
discussion

Table 16. Tall building model testing details with the VSDs for displacement.

Test CPSDR-1 CPSDR-2

Objective statemen Overall and intesstory drift | Overall and intesstory drift

[Minimize]
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1741

1742

1743

1744

1745

1746

1747

1748

1749

1750

Overall: H/500

Overall: H/500

Constraint(s) Inter-story: h/400 Inter-story: h/400
Domain: [10, 210] mm Domain: [10, 210] mm
Optimization ETE ETE
method
Wind angle(s) 0° 0°
Optimal result 0.180 Hz 0.179 Hz
(full-scale)
Result§ Chapter 7.3.2 Chapter 7.3.2
Discussion

The ETE resultsfor theaeroelastictall building model with the VSDs are

then presented. For tlaeroelastictall building the optimundesign that would

minimize the building naftral frequency (i.e., mamxiize’Q
multiple constraintss investigatedT he iteration histories of candidate designs for

independent optimization runs are provided to demonstrate their convergence to the

) while satisfying

optimum VSD configuration. The similar convergenceawar between the

independent optimization runs demonstrate convergence and that it is a logical

solution to the ETE algorithm which can be considered the optimum VSD

configuration.
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1751 Ch a pBtCPrS Mo di f AAea toidymsa mi ¢ Opt i mi

1752 The aeroelastic nuelwith the VSDs was used in a cykanysical approach for the
1753 optimization of tall building dynamics intaeoundary layer wind tunneB{WT). The

1754 capabilities of the cybgphysical approach with the aeroelastic model could be

1755 further leveraged by exploriopthedesign anaptimization of tall building

1756 aerodynamics in a BLWT.

1757 The proposed framework makes use of an aeroelastic building specimen with
1758 physically adjustable aerodynamiae(, shape) properties. The development of the
1759 aeroelast, tall buildingspecimen and the experimental equipment used for all

1760 BLWT testing of the aeroelastic specinfenaerodynamic optimizatiois initially

1761 presentedn Chapter 5.5and Chapter 5.2All modifications to the aeroelastic

1762 specimen fronChapter 51 are presenteahithis chapter. The selection of the

1763 physically adjustable design variable and creation of a suitable actuation system for
1764 the control of the aerodynamics of the aeroelastic, tall building model are

1765 subsequently presented. This is accosmeald through thase of an active fin system
1766 (AFS) consisting of twelve individually controllable slotted fin assemblies to adjust
1767 the model shapdhe framework for providing data and power for controlling the
1768 actuation system is described to thorougtdpictthe communcation between cyber
1769 and physical components in the CPS incorporating the aeroelastic model for

1770 optimizingaerodynamigroperties.

1771
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1772 8.1 Aeroelastic specimen modifications

270 Aluminum Section A-A
diaphragm x7
Bn W

Accelerometer /\
x14
=

Fin assembly
x12

3D-printed
[ == envelope

683 mm

23.2 mm[1/87]
Pretensioned steel
cable x8

1325 mm

1530 mm

Square foam corner
x20

12.7 mm[0.57]
Square steel
spine

7@ 187.5 mm

12.7mm[0.5"]
Thick Steel Base
Plate

Figure45. Multi-degreeof-freedom 1:200 aeroelastic tallilding specimenvith
the active fin system (AFS)

1773 Thefully-constructed specimen can be seehRigure45. The corne geometry from

1774 Figure29was modified to consist of four square corners for the™, 39 and &'

1775 diaphragmgi.e.,& 1, 2, 3, and 4 ifrigure45) and four fin assemblies for th&' 5

1776 6" and 1" diaphragmgi.e.,&¢ 5, 6, and 7 irfFigure45). The fin assemblies are

1777 discussed ifurther detail inChapter 8.2The total mass of the specimexcluding

1778 the base plate, was 34g. Free vibration experiments were performed produtfhg
1779 mode fullscale natural frequencies of approximately 0.163 Hz. Damping ratios were
1780 estimated to b2.5% using a log decrement methdtie model with the AFS was

1781 primarily evaluated at approach angles of 0° and P&€se angles were chosen to
1782 evaluatehe effect of the AFS for different wind angles for the imposed fin

1783 symmetries, which will be discussen further detail in Chapter 9.1.
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8.2 Active fin system

Physical adjustment of the aerodynamic properties (i.e., shape) of the specimen was
achieved through a series of twelve individually controllable slotted fin assemblies
installed at three differemieights of the four corners of a nominally square (in)plan
building. The angles that the slotted fins make with respect to the building were
adjusted using small (NEMA11) steppapntors (Pololu #1206) capable of adapting
to changes in both wind directi@amd wind speed.

An individual slotted fin assembly cossed of a core and slotted fin
connected to one another and the stepper motor through the use of a connector and
steel hardware. The core, slotted fin, mdtorconnector, and pHpin connector are
all individually 3D-printed components (made from ABSihere were two different
length fin assembles: a shorter onetfar 3" and &' diaphragms and a longer one for
the 7" diaphragm Thecross section dimensiofsr a fin assembly are depicted in
Figure46, wheredimension A is 20.5 mm and 143.4 mm for the shorter and longer
fin assemblies, respectively. The contribution to the total model mass of each
individual fin assembly (including the motor) wagproxinmately 0.25 kg and 0.32 kg

for the shorter and longer fin assemblies, respectively.
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Core

/ (3D - Printed)

Slotted Fin
(3D —Printed)

Steel Hex Nut
M3 x 0.5mm

NEMA 11 Motor
(Pololu 1208)

Washer for M3 Screw

ww s L0e

Steel Socket Head Screw
M2.5x 0.45 mm, 8 mm

Motor — Fin Connector
(3D - Printed)

Washer for M3 Screw

Core — Slotted Fin Connector
(3D — Printed)
Steel Socket Head Screw,
M3 x 0.5 mm, 12mm

le ale |
I T

52.0mm 32.5mm

Figure46. Schematic of a single fin assembly.

1801 8.3 Cyberphysical setup

1802 A detailed schematic of the actuation, sensor,camaputer hardwaresgup in the

1803 BLWT for the aeroelastic testing considering the AFS is illustrat&dgare47. For

1804 the aeroelastic testing considering the AFS, thepfrastructure was similar to

1805 Chapter 6.3computational hardware included amstrumentation and a coordinating
1806 computer housed in the BLWT control room. These computers were responsible for
1807 the execution of MATLAB and Python scripts, initializing tegta collection, and

1808 collecting sensor data measurements using LabVIEW softWhaeamodel sensors

1809 consisted of accelerometers, vibration input modules, voltage input modules, signal
1810 conditioners, and CompactDAQ chasses identic@lapter 6.3.

1811 Figure47 shows the fin assemblies located at the corners of thlelyreach

1812 equipped with a stepper motor (Pololu #1206). The stepper motors are connected to a
1813 motor controller (Pololu #3130) below the wind tunnel floor. The controllers

1814 communicated with a RaspbefPi 3, which received commands from a Python script
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1815 running on the coordinating computer, to adjust the fin angle relative to the model

1816 (i.e.,| ,I K horl ;seeFigure45).

)
i Accelerometers 13, 14
0

B ;Accelemmeters "12 - @ f‘ﬂ[?.‘f’.'f’.‘f”.ﬁ??_’f’ ———
- i Iinstrumentation !
Stepper Motors (x12) ; Computer i
(Pololu 1208) ! (Dell OptiPlex 7050) !
H '
H 1
[ | USB 2.0 Cable | ! P
! NIcDAQ9178 |—— e L e E—
- ! 8SlotUsB ; ! .
i . H
Accelerometers (x14) Accelerometers 5,6 | ) ] H }
(PCB 333850) ! — ! : f
[ o B ! i LabVIEW VI i
Accelerometers 3, 4 W S e
=l a 8 @l LT O
Load Cells (x8) Accelerometers 1. 2 S|SSS 5558 11 coordinating P
(Omega LCM201-200N) P — A P Computer 1
S p___oadlels | - ' i | (Dell Precision T5810) ]
Wind Tunnel Floor H s 1 - H [ T
. - i | i
| U 1 I | MATLAB Scripts L
IR ===t s
. - i
”””””””””””” R T g g g - H !
E E ﬁ ﬁ E H ﬁ E g E E: 1Signal Conditioners; §
---------------- ' 1 (PCB8162-011A) |
8

Ethernet

UF Network
DesignSafe-Cl
Data Depot

'Raspberry Pi 3! ! POE Splitter i
| ModelB | Ethernet | WT-AF-5V10W 1
' ” — = [

5 ! DC Power | .
USB 2.0 Cable %}/ e :

Figure47. Schematic of actuation, sensordaomputer hardware for CPS aeroela:
experiments in the BLWT considering AFS.

1817 8.4 CPS framework for aerodynamic optimization

1818 8.4.1 CPS aerodymaic optimization problem

1819 Tall buildings are continuously constructed in major cities worldwide, especially
1820 denselypopulated cities where real estate is in high demand. The development and
1821 use of highstrength structural materials, lightweight flooringdamurtain wall

1822 systems facilitates this growth by reducing the structural dynamics (i.e., the weight,
1823 dampng, and stiffness) of the constructed building. This increases the susceptibility
1824  of tall, slender structures to winidduced vibrations which havild potential to cause

1825 occupant discomfort.
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In the proposed CPS aerodynamic optimization framework, tleetl® was
to make the necessary minor aerodynamic corner modifications using fins to
minimize the aerodynamic response. Essentially, determinentberffiguration
which minimizes the resultant acceleration or resultant displacement building
responseea the top of the structure

BLWT Aeroelastic Testing Model Response ieffofmaﬂcf
___________ ssessmen

Resultant Dynamic :
Response \
1

Sensors
(e.g., accelerometers, laser
displacement, etc.)

7 DOFs

@7 rms;res

or

Displacement
Response

__________________________

Updated
Fin
Orientation

Actuators
(i.e., stepper motors)

y\l
B
e o

I
I ! i
| 7
a, ' S \ Iteration # ( Iteration # N
e e

| Wind

Figure48. High level diagram of CPS approach for aerodynamic optimizatio

8.4.2 Aerodynamic optimization algorithm

The type of optimization algorithm best applied to the CPS approach is problem
dependent and should be selected based on factors such as the number of design
variables, expected measured variance in results for repeatedand total allowable
trading time. The optimization algorithm integrated into the CPS approach for the
study d the aeroelastic model considering the AFS was a modified PSO algorithm.
PSO is a populatiehased metaheuristic optimization algorithm tmanics the

social behavior of a population (swarm) of individuals (particles) jointly discovering
and exploring ppmising regions within a feasible design space. Each particle within
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the swarm has a finite position and velocity within the search spaeefaiteration,
as expressed dyquation(7) andEquation(8) in Chapter 2.3.2,respectively.

The PSO modi ficati on oiritrodacediCloaptegret t i ng
4.2.3was implemented ithe study of the aeroelastic model with the AFFBe
Aforgetting faecthenmawtoiud Ide rague tt dh i mo tt th e
local and global best solutions beyond a specified number of previcatsomes:,
preventing any convergence to an outlier experiment. The number of previous
iterations to consider for local and global best calculatiéhsas selected to be 3,
for a total of 4 iterations (i.e., the current iteration and 3 previous iteratibms
modified velocity equation considering the forgetting function is then defined as

expressed biquation(16).

8.5Summary

This chapter outlines theethodto extend thecapabilities of theeroelastic model
for a cybefphysical approacto aerodynamic optimizatiorll modifications to the
aeroelastic specimen from Chapter 5.1 are presented in detail in this chiapter.
specifications of the individually comttable slotted fin assemblies withthe AFS
provide a better understanding of the physically adjustable design variable and
actuation system used for controlling model aerodynamics (i.e., sidgegyber
physical setup for aerodynamic optimizationlisgtrated.The frameworkand

optimization algorithmgor aerodynamioptimizationare subsequently presented.
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1860 Ch a POtAeerr o eTeasd tiinke raomdd @mtmimi zat i on

1861 This chapter details the testing of #eroelastic, tall building modebmprised of

1862 preliminary results in the form of a test matrix and then the results and analysis of
1863 stochastic optimization problems presented subsequdigytest matrix for the

1864 active fin system (AFSesting includes discrete set of wind approach égfor a
1865 comprehensive set of fin angles. For all AFS testing#@ble stiffness devices

1866 (VSDs) from Chapter 6.4re set to a constant length of m@llimeters.

1867 9.1 Initial test matrix and problem formulation for AR®del configuration

1868 A test matrixfor the AFS testing was obtained by testing wind approach angles of 0°
1869 and 45° for two different imposed fin symmetriegg(re49a andFigure49b) along

1870 the height of thé\FS. Fin angleg— %[ ) from Q° to 270° were tested for 90 seconds
1871 for each wind approach angle at increments of 45°. The test matrix served to validate
1872 thatall of the accelerometers and laser displacement sensors were continuing to return

1873 reasonablelata as expected.
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Wind (b) Wind

Figure49. Fin symmetries imposed for AFS test matrix.

The purpose of the test matrix with the AFS was to olttaining data to
develop a better understanding of the dynamic response of the buildirayyiong
AFS configurations. This allowed for the development of realistic objective functions
for the optimization of building performance in consideration ofAR8
configuration.

There is an observed tradeoff between the resultant accelerations and
dispacements for the studied fin symmetries. This tradeoff is best observed under the
approachangle of 0° and demonstratedfigure50. As the windward and leeward
fin pairs change angles, the tradeoff between displacements aiefattwes
represent a tradeoff that can be translated into a simple optimization problem.
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Figure50. Rootmeansquare (RMSgcceleration and displacemeesultant
responseonsidering AFS with enforcement of windwarg @nd leeward%g pair
symmetry

1884
1885 The behavior illustrated iRigure50 can be best explained by examining the

1886 along and acrossvind acceleration and displacement time history responses for the
1887 configuration of—= 180° andso= 90°. Figure51 andFigure52illustrate the along

1888 and acrosswind accelerations and displacements for the given configuration.
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Figure51. Along- and acrossvind acceleation response for= 180° andbo= 90°
(Figure49p) for a wind approach angle of @dimensions are in modetale)
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Figure52. Along- and acrossvind displacement response fer 180° ando= 90°
(Figure49) for a wind approach angle of @dimensions are in modstale)

Windward fin angles of 180° reduce the acrassd acceleration response while
simultaneously increasing the sudaareaof the building normal to the flow
direction, leading to an increase in alemipd displacements.

Figure53 andFigure54 illustrate the effect of wind directionality on building
response for a givebuilding configuration using twmodelconfigurations1) —=
90° andlo= 180° and 2)}—= 180° andko= 90°. Thesenodelconfigurations represent

the same building configuration under two different wind directions of 0° and 180°

respectively.
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Figure53. Acceleration responsmmpaisonfor two modelconfigurations1) —=
90° anlbo= 180° and 23—= 180° andbte= 90°(Figure4%b) (dimensions are in
modelscale)

Figure54. Displacement responsempaisonfor two modelconfigurations1) —=
90° andbe= 180° and 2}—= 180° andto= 90°(Figure49b) (dimensions are in
modelscale)
1897 Configuration 1 results in a larger resultant acceleration response and smaller

1898 resultant displacement response than Configuration 2. Therefore, the given building
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