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Chapter 1: Introduction

1.1 Background and Motivation

According to the Population Reference Bureau, the number of deaths from
severe weather, tornados, hurricanes, and tropical storms comprises 31.9% of all
deaths from natural disasters in the United States from 1970 through 2004 [1]. The
National Weather Services reports a combined $529.51M of property damages
attributed to thunderstorm wind, tropical storms, and hurricanes in the United States
for 2014 and 2015 [2, 3]. Wind-related hazards will become an increasing threat as
vulnerable coastal locations within the United States continue to see steady
population growth. Furthermore, without a corresponding increase in evacuation
route capacity, many coastal cities will have to turn to shelter-in-place strategies. The
significant loss of life, economic loss, and expected population increase in vulnerable
areas highlights the ongoing need to develop new economical means to deliver
buildings which can survive extreme wind events.

Boundary layer wind tunnels (BLWT) remain a leading tool in wind
engineering to characterize the pressure loading on wind-sensitive structures. In
particular, BLWT testing is valuable when studying new structures for which the
simplified provisions of ASCE 7-10 are inadequate or computational fluid dynamics
approaches cannot be applied with confidence [4]. While BLWT testing has remained
an industry standard for decades, there have been many recent advances in
computationally-based optimization techniques for structural design. Meta-heuristic
algorithms such as particle swarm and genetic algorithms are problem-independent
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algorithms that efficiently explore a complex solution space, providing new
opportunities to study multi-variate and multi-objective optimization problems. While
new optimization techniques have promise for delivering cost-effective design
solutions for wind-sensitive structures, they must be combined with an accurate
method such as BLWT testing to evaluate the candidate solutions.

This thesis proposes the use of cyber-physical systems for optimal design in
wind engineering. The approach is fully automated, with experiments executed in a
BLWT, sensor feedback monitored by a high-performance computer, and
optimization techniques used to bring about physical changes to the structural model
in the BLWT. Because the model is undergoing physical change as it approaches the
optimal solution, this approach is given the name “loop-in-the-model” testing.

The building selected for this study is a low-rise structure with a parapet wall
of variable height. Parapets are common on industrial and commercial buildings and
help to alleviate extreme roof wind loads [5-8]. Parapet walls alter the location of the
roof corner vortex, mitigating the extreme corner and edge suction loads on the roof
of the building. Conversely, parapet walls increase the downward roof loads which
combine with other roof loads. The influence of parapet height on roof wind loads
sets up an interesting optimal structural design problem. The design guidance within
ASCE 7-10 is not refined enough in regards to the distribution of parapet loading to
determine an optimal parapet height.

In the BLWT, the model parapet height is adjusted automatically using servo-
motors to reach a particular candidate design. The building envelope is instrumented

with pressure taps to measure the envelope pressure loading. The taps are densely



spaced on the roof to provide sufficient resolution to capture the change in roof corner
vortex formation. The taps are uniformly spaced elsewhere to provide necessary
resolution to capture the behavior of wind on the remaining structure. Experiments
are conducted using a BLWT located at the University of Florida Natural Hazard

Engineering Research Infrastructure (NHERI) Experimental Facility.

1.2 Overview of Thesis

The research detailed within this thesis will investigate the use of cyber-
physical systems to optimize the structural design of low-rise buildings with parapet
walls. The focus of this thesis is the development and evaluation of a cyber-physical
approach and its application to determine the optimum parapet height of a building
with a predetermined structural frame. The overall goal of this research is to study
and improve the accuracy of the optimization process for structures under wind
through the use of a BLWT. This proof-of-concept study investigates a single design
parameter that has a non-monotonic influence on the performance of a wind-sensitive
structure. Implications are significant for more complex structures where the optimal
solution may not be obvious and cannot be reasonably determined with traditional
experimental or computational methods.

Chapter 2 reviews previous studies on particle swarm optimization and low-
rise buildings with parapets. Current knowledge regarding particle swarm
optimization is briefly addressed. The current understanding of the effects of wind on
low-rise buildings with parapets will be subsequently discussed.

Chapter 3 presents the development of the particle swarm optimization code

later applied to wind engineering. A flag variable and fly-back mechanism are
3



incorporated into the code, and results are obtained for multiple benchmark models.
The results for the benchmark models from previous research are then used to
validate the improvements to the code.

Chapter 4 describes the geometry and scaling of the model building for the
BLWT testing. A description of the materials and components which are used in the
model’s fabrication are given. The physically adjustable model design variable is
presented as well.

Chapter 5 discusses the experimental equipment used for BLWT testing. The
method of processing the measured pressure data into the non-dimensional pressure
coefficient C, and the application of the Gumbel distribution to obtain the maximum
and minimum C, values is explained as well.

Chapter 6 presents the preliminary results obtained from the use of a test
matrix which consists of a series of tests across angles at 15° increments and parapet
heights at 1 inch increments. These results are then analyzed and a comparison is
made between BLWT results and ASCE 7-10 provisions.

Chapter 7 describes the setup of parapet design optimization including the
problem-specific physical constraints and particle swarm optimization parameters.
The structure of the optimization procedure is then presented.

Chapter 8 presents the results of the optimization process based on the static
pressure envelope over the roof, inner parapet walls, and the top of the parapet wall.
The behavior of all of the particles and their costs over all iterations are presented.

Chapter 9 summarizes the research that is presented in this thesis and presents

potential areas for future studies.



Chapter 2: Literature Review

This chapter presents a literature review of particle swarm optimization and

the effects of wind on low-rise buildings with parapets.

2.1 Particle Swarm Optimization

Particle swarm optimization (PSO) is a population-based stochastic
optimization technique. Particle swarm optimization mimics the social behavior
where a population of individuals adapts to its environments by discovering and
jointly 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 fish, and swarm of bees. Particle swarm optimization was
inspired by evolutionary programming, genetic algorithms, and evolution strategies
and shares similarities with genetic algorithms and evolutionary algorithms.

To better illustrate PSO and swarm intelligence, one may imagine a swarm of
bees in a field. The goal of these bees is to find the location within the field with the
highest density of flowers. Without any previously obtained knowledge, the bees
initially begin searching for flowers in random locations with random velocities. As
each bee searches the field it can remember the location that it found the highest
concentration of flowers, and communicates with other bees to learn the locations
where they found highest concentrations of flowers. A bee is attracted both to the
location where it had personally found the highest density of flowers and to the
location where the swarm as a whole found the highest density of flowers. The bee
alters its trajectory to fly somewhere between these two points depending on whether
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its decision is dominated by a trust in itself (c, in Equation 2.2) or the swarm (c, in
Equation 2.2). The bee’s trajectory is also influenced by its own inertia, that is to say,
the bee will continue to some degree along its previous trajectory (w in Equation 2.2).
Along the way, the bee might find a location with a higher concentration of flowers
than it had previously found. It would then update its memory to be drawn to this new
location as well as still being drawn to the location of the most flowers found by the
entire swarm. Just as a bee may fly over a place with a concentration of flowers
higher than it had personally previously found, a bee may fly over a place with more
flowers than had been previously encountered by any bee within the swarm. This
would then cause the whole swarm to be drawn toward this new location (in addition
to their own personal discoveries). In this manner, the bees will explore the field by
flying over locations of greatest concentration and then later being pulled back toward
them. The bees are constantly checking the territory that they fly over against their
personal locations of greatest concentration (personal best) and the swarm’s location
of greatest concentration (global best). Eventually, all of the bees swarm around the
one place within the field with the highest concentration of flowers. The bees are then
unable to find any points of higher flower concentration and are continually drawn
back to this location, the swarm’s location of greatest flower concentration [9]. This
location is taken as the optimal location for harvesting nectar.

Particle swarm optimization is a non-gradient-based, meta-heuristic
optimization method [10]. Non-gradient-based optimization techniques are especially
useful in solving problems in structural engineering due to their versatility in handling

multiple design variables. Particle swarm optimization efficiently explores a large



number of candidate solutions over a large search space without prematurely
converging, which can lead to non-intuitive solutions. The technique is easy to
program because it is an inherently iterative process reliant on only a few formulas to
govern the iterations. Complexities 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 capable of handling nonlinear,
nonconvex design spaces. In comparison to genetic algorithms there is no mutation
calculation; only the best-performing particle transmits information to the others. As a
meta-heuristic method, there is no guarantee that a global optimal solution, or even
bounded solution will be found [11]. Because the solution is not necessarily optimal,
the solution from a PSO algorithm is more precisely termed a sub-optimal solution.
Additionally, probabilistic search algorithms tend to require more function
evaluations than gradient-based methods to reach an acceptable optimum solution.
The technique is also very slow to working out local optimal solutions and may
gravitate towards a particle’s personal best solution. The technique overall is
relatively new so limited studies have been performed related to structural
engineering, however research is actively being conducted in order to improve the
optimization framework with specific structural engineering considerations.

In the context of structural engineering, the swarm represents a group of
candidate design solutions. Each particle within the swarm is a candidate design
which consists of an N-dimensional finite position and velocity. The position refers to
the values of N design parameters (e.g., cross-sectional areas of the members) while

the velocity refers to the changes in the design parameters from one iteration to the
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Figure 2.1 Outline of a basic particle swarm optimization algorithm

next. The position of the particles is often initially randomly distributed throughout
the design space. These candidate solutions then iteratively move throughout the
search space seeking better positions are found 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 iterations, or until convergence is reached. An

outline of a basic PSO algorithm is given in Figure 2.1.



The process for updating the position of each particle is
x}ﬂ = x]-i + v]-iﬂAt (2.)
where x}+1 is the position of particle i at iteration j + 1, v}+1 is the corresponding
velocity vector of the particle, and At is 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

used for updating the velocity vector was first introduced by Shi and Eberhart as

(p]i_ B xji)

At

vl
At

_ i
iyl = WV + 01y + c1y

where r; and r, are independent random numbers in the range [0,1], p]i- is the best
known position of particle i considering iterations 1 through j, p}-g is the best known

position of all particles considering iterations 1 through j, and At is the time step
value [12]. Throughout the present work a unit time step of one iteration is used. An

alternative method for determining pj’ is to use the best position of all particles only

considering the current iteration [13]. In Equation 2.2, there are three problem-
dependent parameters that influence every particle’s velocity: the inertia of the
particle, w and two trust parameters, c; and c,. The inertia controls the algorithm’s
exploration properties; a larger inertia enables a more global search of the design
space because particles are more inclined to continue on their previous trajectory. The
trust parameters indicate how much confidence the current particle has in itself, ¢,
and in the swarm, c, and will draw the particle to these respective best positions.
When PSO was originally introduced, Kennedy and Eberhart proposed that ¢; = ¢, =

2 in order to give the products of c;r; and c,7, each a mean of 1 [14]. Shi and
9



Eberhart analyzed the difference in performance and accuracy for both fixed and
time-decreasing inertia weights. Based on empirical studies, an inertia weight of w =
0.8 was the only fixed inertia weight to never fail in finding an acceptable solution
regardless of velocity limits. A time-decreasing inertia weight from 1.4 to 0 was
found to be better than a fixed inertia weight; the larger initial inertia weight enables a
broad global search while the smaller final inertia weight forces more local searches
[15]. Shi and Eberhart conclude that it is best to use a fixed inertia weight of w = 0.8
or w = 1.0 dependent upon the selection of the values of the velocity limits, and that a
time varying inertia weight would result in an even better performance. Ultimately,
the selection of inertia and trust weights are problem dependent and their values must
be determined case-by-case. A poor selection of parameters may lead to premature
convergence to a solution that is not globally optimal, or at the other extreme, a
solution that takes an excessive number of iterations to converge. Parameter selection
can be done through trial and error or through deduction and personal judgment.

To increase the performance and accuracy of PSO, multiple enhancements to
the standard algorithm have been proposed and tested. The first of these
enhancements is the inclusion of convergence criterion within the problem statement.
The purpose of proper convergence criterion is to ensure that the optimization process
avoids unnecessary calculations once an optimum solution is reached. Preferably the
convergence criterion should be general (i.e., not include parameters that are specific
to the problem). One common practice is to assume that convergence is obtained if
the change in the objective function is below a particular threshold for a specified

number of iterations [16]. Basic PSO is for unconstrained problems only, and original
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literature for basic PSO does not address particles which violate design constraints.
Thus, constrained optimization has been introduced which usually addresses this
problem through the use of different methods including penalty functions, a fly-back
mechanism, or resetting the particle velocity to zero.

A penalty function penalizes the objective function when one or more
constraints are violated. If penalty coefficients are used, but appropriate coefficients
cannot be provided, then difficulties will be encountered. Additionally, penalty
functions reduce the overall efficiency of the PSO; it resets infeasible particles to
their previous best positions, sometimes preventing the search from reaching global
max.

Another method for addressing particles which violate design constraints
involves the use of a “fly-back mechanism” which is able to accelerate the
convergence rate and improve the accuracy effectively in comparison with the
PSOPC and basic PSO algorithms respectively. 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 particle’s velocity is reversed and the
position is recalculated for the particle so that 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 enforcing a particle to return to its
original position and assuming that the global best particle 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 particle [17].
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Another method involves resetting particle i’s velocity to zero if it violates
one or more constraints at iteration j. The velocity vector for particle i at iteration j +

1 would then be given as

L- =), @ —x) 23)
Uj+1 ES C1T1 T + C27‘2 T

Therefore, the velocity of particle i at iteration j + 1 would only be influenced by the
best known position of particle i considering iterations 1 through j, and the best

known position of all particles considering iterations 1 through j. This would remove
all influence of the particle’s current trajectory and would likely cause the particle to

return to the feasible design space in the next iterations [7].

2.2 Effects of Wind on Low-Rise Buildings with Parapets

Parapet walls are typically low-rise walls constructed along the perimeter of a
roof. These walls act as guard rails, prevent fires traveling up exterior walls from
reaching the roof surface, and also reduce suction loads on the roof surface. With
regard to wind loading, parapet walls alter the location of the roof corner vortex,
mitigating the extreme corner and edge suction loads on the roof of the building.
Most current research on parapet walls focuses on the local pressure distribution of
roofs with parapets, as in components and cladding, and on using parapet with non-
uniform or modified geometries in an effort to reduce the overall magnitude of wind-
induced loading. These studies use a BLWT to capture the complex and turbulent
wind flows around the parapet [5]. Additionally, a few studies consider the effect of

parapets on the underlying structural members [6, 18].
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Recent studies on the effects of parapets on flat rooftops on low-rise buildings
have uncovered inconsistencies with previous research [5, 6, and 19]. These
inconsistencies are the result of an insufficiently dense region of static pressure taps
in the upwind corner of the roof of the model which caused the true peak suction
pressure values to not be measured [19]. Thus, it is essential to have a very high
density of static pressure taps in the upwind corner region to ensure that the peak
suction pressures are appropriately obtained.

It is well known that for wind at oblique angles to a building with flat
rooftop’s walls that strong vortices occur near the upwind corner [19]. These vortices,
similar to the vortex that is produced at the leading edge of delta type wings and as
such are also known as delta wing vortices, create an area of high suction on the
surface of the roof near the corner [20]. Solid, continuous perimetric parapets taller
than 1 m act to reduce both the mean and peak pressure coefficients in the corner
region of these buildings. Most building codes, such as ASCE 7-10, allow for some
method of pressure reduction over different regions of the roof for the presence of
parapets, however there has not been extensive research conducted regarding accurate
regions of reduction based upon the geometry of the building and parapet or on the
optimal height of a parapet for a given low-rise building [4]. Additionally, research
has primarily focused on the corner zones of roofs with limited research focusing on
the edge and interior zones. The research regarding the edge and interior zones has
mainly focused on mitigating local loading through the use of alternative geometries
and not much in regards to the effect of different heights of solid, perimetric parapets

or on the optimal height of solid, perimetric parapets [8].
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2.3 Chapter Summary

This chapter reviews a number of previous studies on PSO and on the effects
of wind on low-rise buildings with parapets. Particle swarm optimization has been
demonstrated as an effective procedure to obtain the optimal solution to a particular
objective without the need for a gradient and while considering multiple constraints.
Previous studies on parapet walls do not thoroughly discuss edge and interior zones
on the roofs of low-rise buildings with parapets or the optimal height of solid,
perimetric parapets on low-rise buildings. This research will provide guidance,

through the use of a BLWT, to the parameters that constitute optimal parapet design.
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Chapter 3: Background

This chapter presents the development of an introductory particle swarm
optimization code in MATLAB [21]. The code is then validated by a comparison with

the results of multiple benchmark models.

3.1 Code Development

The standard particle swarm optimization (PSO) algorithm as described by
Figure 2.1 was initially adopted and taken from pseudo-code to a MATLAB script.
The details of this flow chart were discussed in Chapter 2.

For a series of initial studies, the PSO algorithm will be applied to the design
of steel truss systems. The objective of the steel truss systems is to minimize the total
weight of the truss. The N-dimensional position of an individual particles is the set of
N element cross-sectional areas that create a candidate truss design solution. The
possible particle positions components are taken from an allowable range of cross-
sectional areas. A constraint is added such that members cannot exceed their yield
stress.

Subsequent studies applied the PSO algorithm to the design of a steel frame
system. The objective of the steel frame systems is to minimize the total weight of the
frame. The N-dimensional position of the particles within the swarm are the N
member selection of the beams and columns. The possible particle positions are taken
from the discrete set of steel W-shape member sizes for all AISC W-shape member
sizes from W4x13 to W36x652 with all relevant member properties. Constraints are

based on the strength and serviceability requirements are taken from the American
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Institute of Steel Construction (AISC) Steel Construction Manual [22]. Constraints
include design strengths for axial loading, strong-axis bending, and weak-axis
bending were determined based upon Chapters D, E, and F from the AISC Steel
Construction Manual. The interaction of axial loading and flexure for doubly
symmetric members is determined based upon Chapter H. The effective length
method was used for the design of all beam-columns within the structure. The
effective length factor, K was calculated for a frame with sidesway uninhibited
(moment frame) using equation C-A-7-2 from the AISC Steel Construction Manual.

Recalling the analogy of PSO to a swarm of bees within a field from Chapter
2, each bee would correspond to a candidate solution for both the truss and frame
systems. The position of a bee within the field would correspond to a set of element
cross-sectional areas for the truss systems or a set of ASIC W-shape members for the
frame systems. The total weight of the truss or frame for the truss and frame systems,
respectively would correspond inversely to the concentration of flowers at the bee’s
location; the lower the total weight the higher the concentration of flowers. The bees
will then eventually swarm around one particular position which obtains the highest
concentration of flowers, corresponding to the set of element cross-sectional areas or
set of AISC W-shape members which obtains the lowest total weight of the truss or
frame systems respectively.

A finite element analysis code was written in MATLAB to analyze the
candidate design solutions. Member properties, topology, and orientation were used
to develop a global stiffness matrix for candidate design. Loads were applied directly

to the nodes of the structure and a linear-elastic first-order analysis was performed.
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From the solved nodal deformations, member-level axial forces and flexural moments
were calculated to compare with strength and serviceability constraints. The strong-
axis and weak-axis internal moments for the member were calculated using the
second derivative of the element shape functions.

Multiple enhancements were made to the standard PSO algorithm to increase
the computational efficiency and decrease the overall run time of the algorithm. A
fly-back mechanism was incorporated to keep particles within their design space
constraints. If the position of the particle was found to be outside of the feasible range
of particle positions, then the position of the particle was recalculated using the
particle’s negative velocity, effectively returning to its previous position.
Additionally, a Boolean flag variable was introduced for all particles. This variable
was triggered if a particular particle for the current iteration violated any strength,
serviceability, or problem-specific design constraints. If a particle were to become
flagged, the code would skip subsequent constraint checks. Only particles that
satisfied all constraints were considered when calculating the objective function of
total structural weight and updating personal and global best costs. This standard PSO

algorithm with multiple modifications is outlined in Figure 3.1.
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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= cutrent cost
and personal best position = current position

Set global best cost = min (all personal best costs)

!

Update velocities and positions of each particle €

Recalculate position
using negative
velocity

Position within
position limits?

All constraints
satisfied?

Evaluate the cost of each particle

Current cost <
Personal best cost?

No

Set personal best cost = current cost

Current cost <
Global best cost?

Set global best cost = current cost

Stopping criteria met?

Figure 3.1 Particle swarm optimization code with modifications
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3.2 Benchmark Models as Validation

The modified PSO algorithm was validated by a comparison with the results
of multiple established benchmark models and the results of previous research.

The 10-bar truss structure, shown in Figure 3.2, has previously been analyzed
by multiple researchers [23]. All necessary problem parameters are expressed in
Table 3.1; calow iS the maximum axial stress that is allowed to be applied on any of
the structural members and daiow is the maximum nodal displacement that is allowed
in the vertical or horizontal direction. For this benchmark problem, the initial
enhancement of a flag variable was included in the PSO algorithm. A study was then
conducted on the benefits of (1) a fly-back mechanism and (2) a linearly-decreasing

inertia weight. In all, four cases were created as summarized in Table 3.2.

Y
T 360 in.

3 360 in.
(5) (3) (1)

— U

>

6 360 in.

Figure 3.2 A 10-bar planar truss structure
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Table 3.1 Parameters for the 10-bar planar truss structure

Problem Parameters
Design Parameters Value PSO Value
Parameters
Material density (Ib/in) 0.1 Number of 50
particles
Modulus of elasticity (ksi) | 10,000 w Varies
oallow (KSI) +25 C1 0.8
attow (iN) +2.0 C2 0.8
P1, P2 (Kip) 100,0 | Max lterations | 3,000

The modified PSO algorithm was run 50 times for each of the four cases. The
constant inertia weight and linearly decreasing weight cases which include the fly-
back mechanism display faster convergence rates than the constant inertia weight
case without a fly-back mechanism, and slower convergence rates than the linearly
decreasing inertia weight case without a fly-back mechanism. For all cases, a
minimum weight was determined to be approximately 5,070 lbs. However, both cases
which include the fly-back mechanism determined an optimal solution that was an
average of 150 Ibs. lighter than the cases without the mechanism. Table 3.2 shows a
summary of the results from the 50 optimization runs for each case. The fly-back
mechanism performed better than simple position limits as seen in the lower costs on
average. There was very little difference between the average weight for the constant
inertia weight and linearly decreasing inertia weight cases with a fly-back
mechanism. Although these observations may be problem-specific, a constant inertia

weight will be used for all subsequent PSO algorithms due to the simplicity and
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consistency regardless of the number of maximum iterations. Table 3.3 shows the

solution for the case of a constant inertia weight and fly-back mechanism compared

to those of previous researchers.

Table 3.2 Comparison of inertia weights and
fly-back mechanism for the 10-bar planar truss (a) optimal weight and (b)

number of iterations to obtain the optimal weight

(@)

Weight (Ib)

Only Position Limits Fly-back Mechanism

Linearly Linearly
Condition | Constant Constant
Decreasing Decreasing
w =0.9 w =0.9
w=09t0c04 w=09t00.4

Minimum | 5077.50 5065.06 5065.06 5070.90

Maximum | 6856.80 6863.70 6328.70 6443.80

Average | 5328.37 5448.54 5237.53 5234.60

Std.

382.36 465.27 288.40 282.71
Deviation
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Iteration Number to Reach Best Cost

Only Position Limits

Fly-back Mechanism

Linearly Linearly
Condition | Constant Constant
Decreasing Decreasing
w =0.9 w =0.9
w=09t004 w=09t00.4
Minimum 125.0 1.0 200.0 150.0
Maximum | 2800.0 1400.0 2100.0 2100.0
Average 797.5 398.0 572.0 522.5
Std.

613.1 249.6 317.9 361.7

Deviation
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Table 3.3 Comparison of solutions for 10-bar planar truss

Optimal Cross-Sectional Areas (in.?)

Li, Li, Li,
Bar Schmit | Rizzi Lee
PSO | PSOPC | HPSO
Areas [24] [25] [26] Current
[23] [23] [23]
A1 33.430 | 30.730 | 30.150 | 33.469 | 30.569 | 30.704 | 31.532
A 0.100 0.100 | 0.102 | 0.110 0.100 0.100 0.101
Az 24.260 | 23.930 | 22.710 | 23.177 | 22974 | 23.167 22.903
Ay 14.260 | 14.730 | 15.270 | 15.475 | 15.148 15.183 15.424
As 0.100 0.100 | 0.102 | 3.649 0.100 0.100 0.101
As 0.100 0.100 | 0.544 | 0.116 0.547 0.551 0.666
Az 8.388 8.542 | 7.541 | 8.328 7.493 7.460 7.403
Ag 20.740 | 20.950 | 21.560 | 23.340 | 21.159 | 20.978 20.202
Ag 19.690 | 21.840 | 21.450 | 23.010 | 21.556 | 21.508 21.771
Auo 0.100 | 0.100 | 0.100 | 0.190 | 0.100 0.100 0.100
Weight | 5089.0 | 5076.7 | 5057.9 | 5529.5 | 5061.0 | 5060.9 | 5065.06
(Ib)
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Figure 3.3 Topology of 1-bay 8-story frame and 1-story 8-member space frame

Two additional benchmark structures were considered to develop and verify

additional PSO features. The 1-bay 8-story frame and the 1-story 8-member space

frame are both shown in Figure 3.3. These two structures are both frames, requiring

axial and flexural interaction equations for strength checks and the use of a discrete
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lookup table for possible steel member shapes. The 1-bay 8-story frame was
considered to study the grouping of members constrained to have the same steel
shape, a common practical design consideration. The 1-story 8-member space frame
was incorporated to extend the PSO algorithm from 2-dimensions to 3-dimensions to
include different member rolls (orientation about the longitudinal axis) and a stiffness
matrix for 3-dimensional frame elements. To quickly visualize the results, the PSO
code included the plotting of the deflected shape, visualization of the values of the
axial-flexural interaction equation using a color bar, and plotting the best cost of the

population of particles across all iterations. Examples of these for the 1-bay 8-story

frame can be seen in Figures 3.4, 3.5, and 3.6, respectively.
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Figure 3.4 Sample deflected shape of 1-bay 8-story frame
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Figure 3.5 Sample interaction equation heatmap of 1-bay 8-story frame
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3.6 Sample best cost vs. number of iterations of 1-bay 8-story frame

26



3.3 Chapter Summary

This chapter describes the benchmark models that were used to develop a PSO
approach capable of optimizing structural design problems subject to the LRFD
design requirements as per the AISC Steel Construction Manual. First, a ten-bar
planar truss structure is presented. The dimensions and design properties of this
structure are given, as well as the solutions for the optimal design of this structure
obtained by previous research. The optimal solution achieved compares very well to
that of multiple previous researchers. The topology of two other models, a 1-bay 8-
story frame, and 1-story 8-member space frame, are presented. These models are used
to incorporate practical aspects design for frame structures. The results of these frame
structures are not presented in detail as there are no enhancements to the algorithm

made, only the extension of its functionality.
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Chapter 4: Model Development

This chapter presents the details of the model low-rise building with a
structural parapet. The scale, dimensions, and materials are given. The selection and
creation of a physically adjustable design variable for the model building is also
presented.

The model is created for evaluation using a boundary layer wind tunnel
(BLWT), the leading experimental tool in wind engineering to characterize the
pressure loading on a structure. One fundamental type of structure that can be
modeled and evaluated through BLWT testing is a rigid model. Rigid models offer a
simple testing approach that is sufficient for structures that have little aerodynamic
damping, such as low-rise buildings. The model created for this study is assumed

rigid.

4.1 Physically Adjustable Design Variable

This thesis focuses on a proof-of-concept for a cyber-physical systems
approach to the optimization of wind-sensitive structures. Numerically derived
candidate solutions must be physically recreated in the BLWT such that their
envelope wind loads are accurately measured. A single controllable design variable is
sufficient to demonstrate the cyber-physical approach to optimization. Additionally,
by limiting the study to a single design variable, unnecessary mechanical complexity
is avoided and focus is instead placed on the optimization framework.

The variable chosen is the parapet wall height of a low-rise building. The

parapet wall will be actuated by four linear motors, one at each corner of the model.
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The inner core of the model remains stationary, maintaining a constant building
height with variable parapet. Strips made from Teflon PTFE were used between the
inner core and parapet walls to assist in achieving smooth linear actuation. A foam
gasket was used between the outer parapet walls and the wooden turntable to allow
for the parapet wall to linearly actuate but prevent any air pressure from leaking
around the model after actuation and during testing. The performance of the gasket is

explored in Chaper 5.

4.2 Model Geometry

The low-rise building with a parapet is modeled after a two-story office
building. When selecting the building scale, the physical limitations of the BLWT and
BLWT turntable must be considered. The BLWT turntable allows the model to rotate
and experience different wind approach angles. The model and parapet actuation
system must all fit within the 40 inch diameter turntable. For this to occur, the
diagonal of the model in plan is desired to be less than 36 inches. Additionally, a
length to width ratio of 1.5 is desired to have a rectangular model building. This leads
to the model dimensions of 29.25 inches x 19.50 inches, with a diagonal of 35.15
inches. To represent a low-rise building, a model height of 20 inches is selected.

Additionally, urethane tubing will be installed on the outer and inner sides of
the parapet to measure the wind pressures on both sides. This requires a total
thickness of the model parapet walls of at least 1 inch to accommodate the thickness
of polycarbonate sheets, tubulation (metal ends of the urethane tubing), and minimum

bend radius of 0.5 inches for the 0.063 inch urethane tubing. The static pressure taps
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on the outer and inner parapet walls are staggered to permit a thinner model parapet
wall.

Based on the physical model dimensions and the target two-story office
building, a model to full-scale ratio of 1:18 was selected. This results in a building
with full-scale dimensions of 29.625 feet x 44.4375 feet in plan, 30 feet tall, and a
parapet that is 1.5 feet thick. According to the Building Code Requirements for
Masonry Structures, parapet walls should have a thickness of at least 8 inches [27].
The building model represents a realistic two-story full-scale building with a two by
three bay steel frame. The fully-constructed model is depicted in Figures 4.1, 4.2, and

4.3.

Figure 4.1 Isometric view of parapet model
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Figure 4.3 Dense corner region of roof
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4.3 Materials

Clear, impact-resistant polycarbonate is selected for all building surfaces as it
remains rigid against the expected pressures in the BLWT. Additionally, it is easier to
machine than other clear plastics. The nominal thickness of the polycarbonate sheets
was selected as small as possible to avoid an excessively thick parapet wall, while
still providing enough rigidity to prevent flexure of the walls. The nominal thickness
of the polycarbonate sheets for the parapet walls was selected to be 0.1875 inches. To
increase the rigidity of the parapet structure, 0.625 inch thick polycarbonate blocks
with screws were used to connect the outer and inner parapet wall panels. The inner
core of the model was only exposed to the flow of wind through the roof. The
nominal thickness of the polycarbonate sheets used to manufacture the inner core was
selected to be 0.25 inches. The separate outer and inner model sections are shown in
Figure 4.4. There are two layers of polycarbonate for the parapet wall (outer model

section), and the inner core (inner model section) is a box with an open bottom.
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B

Figure 4.4 Parapet model separated in sections: parapet wall (outer model

section, left) and inner core (inner model section, right)
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To capture the envelope wind pressure, 0.054 inch I.D. urethane tubing was
used with 0.063 inch O.D. stainless steel tubulation; the urethane tubing was stretched
to securely fit around the tubulation. This tubulation was then inserted into 0.0625
inch diameter holes that were drilled into sheets of polycarbonate.

The linear actuation of the parapet wall structure around the inner core of the
model was achieved through the use of Nanotec LS4118S14004-T6x1-150 linear

actuators, as depicted in Figure 4.5.

Figure 4.5 Nanotec LS4118S14004 linear actuator

These motors were connected to the parapet walls through the use of

polycarbonate triangular supports as depicted in Figure 4.6.

Figure 4.6 Polycarbonate triangular support and polycarbonate blocks
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The motors were attached to the triangular supports using screws, which were
then connected to the parapet walls through the use of polycarbonate blocks similar to
those used for increased rigidity, as seen in Figure 4.6. The drive shafts of the linear
actuators were housed inside of a 6.5 inch round base plate and steel pipe within a 7”
PVC pipe. The PVC pipe was placed on the outside of the drive shaft of the linear
actuator in order to protect the shaft from coming into contact with any urethane

tubing during actuation while testing as seen in Figure 4.7.

Figure 4.7 Linear actuator with PVC shield

4.4 Chapter Summary

The parameters of the model are presented in this chapter in detail, including
the design variable, model topology, and materials utilized. The reasoning for the

choice of parameters is presented as well. The model is fabricated from polycarbonate
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so that it can withstand the forces and stresses induced under testing conditions, and
uses a combination of polycarbonate blocks to increase rigidity. The thickness of the
parapet is 1 inch with a full-scale thickness of 18 inches to represent a realistic

parapet and allow for full-scale dimensions similar to a low-rise building.
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Chapter 5: Experimental Setup and Data Processing

This chapter discusses the experimental equipment that is used to conduct the
experiment. The method of converting raw pressure data into a non-dimensional

pressure coefficient, Cp is discussed as well.

5.1 Experimental Equipment

The optimization framework is run from a coordinating computer which both
runs the MATLAB optimization algorithms and interfaces with other electronic
components. This computer controls the boundary layer wind tunnel (BLWT)
turntable angle and the linear motors which adjust the parapet height of the model.
The coordinating computer allows the entire testing procedure and all modifications
to the model and testing environment to be executed autonomously.

The pressure on the building surfaces within the BLWT is measured using
Scanivalve ZOC33 pressure scanners. The ZOC33 pressure scanners have 64 pressure
inputs. A total of 8 ZOC33 scanners were available, resulting in a maximum of 512
static pressure taps.

Experiments are conducted using a BLWT located at the University of Florida
Natural Hazard Engineering Research Infrastructure (NHERI) Experimental Facility.
The BLWT is 6.1 m wide with a 1 m turntable centered along the 6.1 m width 31.75
m downwind of 8 fans. The fans are consistently kept at 1050 RPM for all testing,
which corresponds to a reference height velocity of approximately 14 m/s. The

BLWT contains a terraformer field in-between the fans and test section which can
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adjust the terrain roughness. For the tests herein, an open terrain condition was

created. The BLWT with the parapet model installed is depicted in Figure 5.1.

\“ 1

-

Figure 5.1 Boundary layer wind tunnel with parapet model, upwind view

To ensure that the measured pressure represents realisting building conditions,
there had to be no leaking of pressure within or around the model. The performance
of the Teflon and model construction were tested through the use of a plastic drum;
the plastic drum was placed around the model and a seal between the plastic drum
was formed. A constant supply pressure was then input into the drum, and the air
pressure measured from Scanivalve was monitored for any large changes over time.
A relatively constant pressure was measured for all Scanivalve channels, and the
model was therefore deemed to not have any internal pressure leaks. The performance
of the foam gasket was tested through the analysis of multiple scenarios: no gasket,

only the foam gasket, and the foam gasket sealed with silicone, hereafter called “fully
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sealed”. The pressure measured by a select subset of taps was compared for the
different scenarios, and the difference in measured pressure between only the foam
gasket and the fully sealed case was determined to be minimal. Therefore, the case of
only the foam gasket was selected as it obtained pressure measurements similar to the
fully sealed case, and elminates the need to consistently reapply the silicone seal for

each parapet height.

5.2 Tap Tributary Areas

The tributary area of a tap encompasses the area on which the measured
pressure is assumed to act. The tap locations are known based upon their surface
number, spacing, and the parapet height at any given time. Tap tributary areas are
calculated using VVoronoi diagrams, which are derived from Delaunay triangulation.
For a given set of points (taps) Delaunay triangulation created triangles that: (1) do
not overlap, (2) cover the entire interior space formed by the points, and (3) do not
have any points within the triangle’s circumcircle. A corresponding Voronoi diagram
is created by drawing perpendicular bisectors to the sides of the triangles. Regions
formed by these bisectors contain one point each and bound an area that is closer to
that point (tap) than to any other point. This automated method to calculate tap
tributary areas is particularly important because the geometry of the building changes
with every model.

Figures 5.2 and 5.3 shows the tributary areas of all of the acceptable static
pressure taps for parapets of 1 inch and 5 inches respectively. The center surfaces are
the roof and the top of the parapet wall. The outer and inner parapet walls are then

folded out from one another in such a manner that they are connected where they
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would connect with the top of the parapet wall. As the parapet height increases, the
tributary areas for both the outer and inner parapet walls increase as well. The
irregular tributary areas seen on a few wall surfaces are due to some channels on the

Scanivalve system reporting unrealistic pressure time histories.
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Figure 5.2 Tap tributary areas for a parapet of 1 inch
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Tap Tributary Areas, Parapet: 5 inches
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Figure 5.3 Tap tributary areas for a parapet of 5 inches

5.3 Assessment of Pressure Coefficients

The pressures at all static pressure taps were measured simultaneously and
sampled at a sampling rate of 625 Hz. Data is collected for two minutes in model
scale, corresponding to approximately 11 minutes full scale assuming a basic wind
speed of 40 m/s. For each test the non-dimensional pressure coefficient, Cp, was

calculated using the equation

_ —pow (5.1)

G 1
ipUr?efRizl

p
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where p is the wind pressure on the surface of the model measured by Scanivalve, p,
is the static pressure at the reference height, and p is the air density. The reference
height for all tests is taken to be the eave height of the building model. In order to
estimate this value, a reference wind speed measurement, U,..r is obtained from pitot
tubes above the boundary layer. This reference wind speed measurement is then
converted to a mean wind speed at the eave height through a conversion factor, Ry,.
The sign of the pressure coefficient indicates the direction of the wind pressure on the
surface of the model; a positive value indicates wind pressure acting towards the
surface while a negative value indicates away from the surface. The Cp values are
based on the model-scale velocity and test duration. The C, values could be
normalized differently for comparison with ASCE 7-10 values, however this was not
necessary for the scope of the work herein.

The maximum and minimum pressure coefficients were estimated for each
wind attack angle using a Gumbel distribution. The Gumbel distribution fitting
method is a commonly used method for estimating peak pressures on low-rise
buildings. The measured model-scale record of Cp is truncated into 50 segments of
equal length. The peak maximum and minimum pressure coefficients from each
segment are then taken, and the 78" percentile is then used to estimate the maximum
and minimum C, values. The method used to fit the Gumbel distribution is a linear

polynomial curve which is solved using the method of linear least squares.

5.4 Chapter Summary

The experimental equipment used for experimental testing is described,

including Scanivalve ZOC33 pressure scanners and the BLWT. Then the process for
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determining the tributary areas of the static pressure taps using VVoronoi diagrams is
described. The method of processing the measured pressure data into the non-
dimensional pressure coefficient, Cp, and using the Gumbel distribution to obtain the

maximum and minimum C, values are discussed as well.
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Chapter 6: Preliminary Results

This chapter presents preliminary results in the form of a test matrix. The test
matrix includes a comprehensive set of wind approach angles and parapet heights.

These results are then compared qualitatively to ASCE 7-10 parapet provisions.

6.1 Test Matrix

A test matrix was obtained by testing all wind approach angles from 0° to
360° by 15° increments with 0° indicating the broad side of the building with the
dense roof taps facing upwind. Parapet heights from 0 inches to 5 inches were tested
for 2 minutes for each wind approach angle at increments of 1 inch. Data was
obtained from the boundary layer wind tunnel (BLWT) test using the Scanivalve
pressure scanner. The test matrix served to validate that all of the channels in use
were returning reasonable data as expected. In particular, because the building is
double symmetric and evaluated from 0° to 360°, it was straightforward to identify
taps that were returning inaccurate data. A few taps were found to be “bad” and
eliminated from future data processing.

The purpose of the test matrix was also to obtain training data to develop a
better understanding of the behavior of the air flow across the roof for a low-rise
building with different parapet heights. This allowed for the development of a
realistic objective function for the optimization of the parapet height in consideration
of the static envelope while providing the opportunity to compare the results with

those that would be expected using ASCE 7-10.
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6.2 Benefits and Drawbacks of a Parapet

An increasing parapet height reduces the minimum pressure on the roof. As
the height of the parapet increases, the minimum Cp on the roof surface decreases.
This decrease is best observed under the angle of 45°. Figures 6.1, 6.2, and 6.3

demonstrate the decreasing C, measured on the surface of the roof for 45°.

Parapet: 0 in., Wind angle: 45°, Min Cp
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Figure 6.1 Minimum Cp for no parapet at an angle of 45°
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Figure 6.2 Minimum C; for a parapet of 1 inch at an angle of 45°

46



Parapet: 3 in., Wind angle: 45°, Min Cp
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Figure 6.3 Minimum C; for a parapet of 3 inches at an angle of 45°

An increasing parapet height, however, increases the suction on the inner
parapet wall surfaces. This increase is best observed under the angle of 90°. Figures
6.4, 6.5, and 6.6 demonstrate the increasing minimum C, measured on the inner

parapet wall surfaces for 90°.
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Figure 6.4 Minimum Cp for a parapet of 1 inch at an angle of 90°
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Parapet: 3 in., Wind angle: 90°, Min Cp

40 0
30 1
z 201 L
§ 10 -
2o o
= 4
8-10
T
>.20t 5
-30 6
-40 7

-5IO 0 50
x-coordinates (in)
Figure 6.5 Minimum Cp for a parapet of 3 inches at an angle of 90°
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Figure 6.6 Minimum C; for a parapet of 5 inches at an angle of 90°

As the parapet height increases, the decreasing minimum C; on the roof and
increasing minimum C, on the inner parapet wall represents a tradeoff that can be

translated into a simple optimization problem.

6.3 Comparison of Results with ASCE 7-10

Recalling Chapter 5, the C, values obtained are not normalized to a gust of

any particular duration length. Therefore, any conclusions made from comparisons
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between the obtained C, values and those expected from ASCE 7-10 are based upon
the direction of expected wind pressure and not the magnitude.

According to ASCE 7-10 Section 27.6.2 for the determination of the main
wind-force resisting system wind loads on parapets, the C of the external and internal
parapet walls are expected to be opposite in sign as depicted in Figure 6.7 [4]. ASCE
7-10 assumes that there is no shielding, and therefore there should be no reduction on
the positive wall pressure on the inner side of the leeward parapet. Additionally, the
roof is expected to experience a suction across its entire length that decreases in

magnitude.
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Figure 6.7 External parapet pressures on the
outer and inner parapet walls as per ASCE 7-10 [4]

Figures 6.8, 6.9, 6.10, and 6.11 show the maximum C,, of all surfaces of the
building at the angle of 0° for model scale parapet heights of 1 inch and 5 inches. For
a parapet height of 1 inch, the windward wall side has a positive maximum C, on the
outer parapet wall and a negative maximum C, on the inner parapet wall, consistent

with Figure 6.7 from ASCE 7-10. Focusing on the inner parapet wall of the leeward
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side, the outer regions have a positive maximum Cp while the inner region has a
negative maximum Cp. This indicates that the inner region of the inner parapet wall
experiences suction on the entire time. This unexpected behavior is further supported
with the taller parapet of 5 inches. The expected direction of pressure (consistent with
ASCE 7-10) is only experienced for the windward wall and at the top of the inner
parapet wall at the downwind corners. These results are consistent for all heights at
0°. This suggests that with the presence of taller parapets the windward parapet will
reduce the positive wall pressure to the leeward parapet through shielding.

Figures 6.12, 6.13, 6.14, and 6.15 show the maximum C; of all surfaces of the
building at the angle of 90° for model scale parapet heights of 1 inch and 5 inches.
For a parapet height of 1 inch, the edge of the roof along the back surface of the
leeward parapet has a positive maximum Cp value. This unexpected behavior is
supported with the taller parapet of 5 inches; there is an increasing value of positive
maximum Cpalong the back surface of the leeward parapet wall. This behavior is best
observed under the wind angle of 90°. This suggests a buildup of pressure along the

back surface of the leeward parapet wall that develops over the length of the roof.
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Figure 6.8 Maximum C, of all surfaces for a 1 inch parapet at an angle of 0°
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Figure 6.10 Maximum Cp for all surfaces for a 5 inch parapet at an angle of 0°
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Figure 6.11 Surface A of Figure 6.10
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6.3 Chapter Summary

The preliminary results obtained are presented in this chapter in detail,
including the explanation of the test matrix. These results are then compared to those
expected from using ASCE 7-10 as well. The purpose of the test was matrix was to
verify that all channels being used were returning data as expected, and to develop a
better understanding of the air flow across the building for different parapet heights.
This would allow for a more realistic objective function to be developed for the
optimization in consideration of the static envelope. The results for the direction of
wind on the inner parapet walls were different compared to the results with those that
would be expected using ASCE 7-10. The assumed wind directions in ASCE 7-10
may not encompass the worst case scenarios. Future work will explore these

observations is more detail.
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Chapter 7: Optimization Framework

This chapter presents the optimization problem setup, including the specific
objective, constraints, and parameters. The objective function for the optimization
problem is to minimize suction on the roof, inner parapet walls, and top of the parapet
wall subject to the constraint that the parapet height remain between 0 and 4.5 inches

in model scale.

7.1 Problem Setup

The optimization problem was constrained physically by the maximum
achievable parapet height of 4.5 inches in model scale. This limit was enforced in the
optimization algorithm to avoid motor controls which would produce displacements
larger than 4.5 inches.

Recalling the analogy of PSO to a swarm of bees within a field from Chapter
2, each bee would represent a potential design solution for the parapet optimization.
The position of a bee within the field would correspond to a particular model scale
parapet height. The maximum suction measured on the roof, inner parapet wall, and
top of the parapet wall surfaces would correspond inversely to the concentration of
flowers at the bee’s location; the lower the maximum suction the higher concentration
of flowers. The bees will then eventually swarm around one particular position which
obtains the highest concentration of flowers, corresponding to the height which
obtains the lowest maximum suction on the roof, inner parapet wall, and top of the

parapet wall surfaces.
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The problem-specific particle swarm optimization (PSO) parameters of
w, ¢1, and c,were selected to be equal in magnitude so that an equal weight would be
placed on the particle’s inertia, trust in itself, and trust in the particle swarm. Due to
the relatively small domain for position it was important to ensure that the particles
remained within the feasible design space. Therefore, after initial testing the
magnitude of 0.5 was assigned to all problem-specific parameters. Considering the
time limits on experimental resources, a balance was achieved between sufficient
particles to create a swarm effect in PSO and sufficient iterations to see convergence.
Based on an estimated two minutes per BLWT run, one minute to set up the BLWT
run, and a day of testing, the number of particles was selected to be five.

The building model has an axis of symmetry across both axes in the transverse
plane, and is therefore doubly-symmetric. Figures 7.1 and 7.2 depict the envelope of
the roof under the angles of 45° and 225°. These tests exhibit similar behavior,
although the formation of conical vortices due to the separation of air flow from the
leading roof edge is more visible at the angle of 45° due to the more refined static
pressure tap spacing in the upwind corner. Therefore, the doubly-symmetric
conditions of the building model were verified and allow the testing range to be
reduced to be 0° to 90°.

As discussed in Chapter 6, the minimum C, increases for the roof surface and
top of the parapet wall and decreases for the inner parapet wall surfaces as the height
of the parapet increases. To further reduce the number of angles required for
evaluation, the test matrix data of Chapter 6 was analyzed in detail. The worst case

suction loads were experienced on the roof and top of the parapet at 45° and the inner
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parapet wall at 90°. Therefore, each particle will require two BLWT tests for each

iteration, one at 45° and one at 90°.
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Figure 7.1 Minimum C;, for all surfaces for no parapet at an angle of 0°
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Figure 7.3 Minimum C,, for all surfaces for no parapet at an angle of 225°
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7.2 File Structure

The file structure that was used for the operation of the boundary layer wind

tunnel, actuation of the Nanotec linear actuators, and optimization of the parapet
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height is diagrammed in Figure 7.5. There were two separate instances of MATLAB
R2014b running simultaneously; a master file and a processing file. The processing
file was continuously running and was responsible for processing new data while the

master file controls the testing and analysis processes.
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—>] file for each .dat
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for every CSV item e eights, Save newly
angles positions angles processed data
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Figure 7.5 Logic diagram for file structure

The details of the BLWT optimization process involving the actuation of the

model parapet and the BLWT turntable that occur as a result of the PSO algorithm are

outlined in Figure 7.6.
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Figure 7.6 BLWT optimization process

7.3 Chapter Summary

The optimization problem setup is presented in this chapter in detail, including

the specific objective, constraints, and PSO parameters. The height of the model
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parapet is constrained to be between 0 and 4.5 inches. The selection of problem-
specific PSO parameters are explained as well. The problem-specific PSO parameters
are selected to be w = ¢; = ¢, = 0.5. This places an equal weight on all components
of the velocity and ensures the particles remain in the feasible design space. The
doubly-symmetric conditions of the building model were also verified, and the testing
range is to be reduced to be 0° to 90°. The file structure used within MATLAB is

presented as well.
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Chapter 8: Optimization Results and Analysis

This chapter presents the results for the optimization problem in consideration

of the static envelope, including the results and the data analysis.

8.1 Results

A total of 13 design iterations were conducted for the 5 particles within the
swarm. To assist in the initial exploration properties of the particles, and considering
the experimental runtime required for one full iteration, the position of the particles
was initially uniformly distributed across the range of positions. The convergence of
the particles towards the optimum height of 2.69 inches is expressed in Figure 8.1.
Four of the five particles converge towards the global best cost. The one particle that
does not converge is likely due to the particle being equally attracted to both its
personal best cost (achieved at iteration 1) and the global best cost. The global best
cost for each iteration as well as the particle which obtains this cost is depicted in
Figure 8.2. Figures 8.3 and 8.4 depict the envelope plot of the minimum C, for the
optimal solution for 45° and 90° respectively. This illustrates the balance in Cp on the
roof and top of the parapet wall at 45° and inner parapet wall surfaces at 90°. This
behavior is expected because the roof, inner parapet walls, and top of the parapet

were the surfaces of particular interest.

63



Height (in)

Particle Convergence
45

35

—&— Particle 1
4 —O— Particle 2

Particle 3
—OE— Particle 4
—&— Particle 5

25 5—5 =

0 © 1 1 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10 1" 12
Iteration

Figure 8.1 Particle convergence over time

Cp,min

P=3 Tracking the Global Best

3.65

T T T T

3.6

3.55

3.45

3.4

3.35

3.3

Iteration

Figure 8.2 Global best cost over time

64




Parapet: 2.69 in., Wind angle: 45°, Min Cp

40 - 0
30+ ]
20+

1-2
10

1-3

y-coordinates (in)
o

1-4
-10 -
20 -5
30 - -6
-40 -
-7

1
-50 -40 -30 -20 -10 0 10 20 30 40 50
x-coordinates (in)

Figure 8.3 Minimum C; for envelope of optimum solution at 45°

Parapet: 2.69 in., Wind angle: 90°, Min Cp

40 0
30t 1
20
1-2
£ 101
»
o 1-3
.g 0 o
2
8 14
?-10
>
20 F -5
30+ -6
-40 -
-7

-50 -40 -30 -20 -10 0 10 20 30 40 50
x-coordinates (in)

Figure 8.4 Minimum C; for envelope of optimum solution at 90°

65



8.2 Data Analysis

These results signify a parapet height that has a full-scale height of 4.035 feet,
an otherwise non-intuitive design. This was obtained by minimizing suction on the
surfaces of the roof, inner parapet walls, and top of the parapet. Since the inner
parapet wall surfaces were considered a part of the objective function, an increased
density of taps on the inner parapet walls would prove to be beneficial for future
studies. The results obtained are consistent with those from the preliminary test
matrix.

According to the Building Code Requirements for Masonry Structures, the
height of structural parapets should not exceed 3 times their thickness [27]. These
results imply that the optimum parapet height for the given structure upholds this
recommendation by the American Concrete Institute, as 4.035 feet is shorter than 4.5

feet.

8.3 Chapter Summary

This chapter presents the particle swarm optimization (PSO) results for the
model of a low-rise building with a parapet. For the low-rise building with a parapet,
the optimum parapet height in consideration of the static envelope on the roof is
investigated. First, the particle position histories are provided to demonstrate their
convergence on the global optimum height. The successful convergence of four of the
five particles to the same height proves that it is a logical solution to the PSO

algorithm and can be considered the optimum parapet height.
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Chapter 9: Conclusions and Recommendations

9.1 Conclusions

This thesis investigates the effect of wind on low-rise buildings with parapets
for a particular building shape and size. The main goal is to develop a proof-of-
concept cyber-physical approach to the optimal design of wind-sensitive structures.
The study focuses on the direction of induced pressures on a structure’s roof due to
the presence of a parapet and determination of the optimum parapet height
considering a static pressure envelope.

In terms of structural parapets surrounding a building, ASCE 7-10 does not
provide sufficient detail to analyze the influence of varying parapet heights. The
results of the preliminary testing for the wind pressure on the inner parapet walls do
not fully agree with those expected from the provisions of ASCE 7-10. Therefore, a
wind tunnel is used to obtain a better understanding of the behavior of the flow of
wind across a structure with a parapet.

After performing preliminary testing to ensure that the model was constructed
properly, and that all of the static pressure taps being considered were reading
pressure data as expected, particle swarm optimization (PSO) was implemented.
Particle swarm optimization allows for the possibility of non-intuitive solutions. In
conclusion, the modified PSO algorithm proposed in this thesis proved to be a
feasible algorithm, and obtained the result of 2.69 inches, a full-scale height of 4.035
feet for the optimum parapet height of the given structure. Implications are significant

for more complex structures where the optimal solution may not be obvious and
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cannot be reasonably determined with traditional experimental or computational

methods

9.2 Future Studies

Some recommendations for future studies related to this work are:

The directions of expected wind pressure on the roof and inner parapet wall
surfaces are not in agreement with those in ASCE 7-10. The windward
parapet wall appears to reduce the positive wall pressure on the leeward
parapet wall through shielding. The roof edge along the leeward parapet wall
appears to experience positive wind pressure. The behavior of wind over the
inner parapet wall and roof surfaces should be investigated with a more
refined distribution of static pressure taps.

In this thesis, the optimum parapet height is determined from the maximum
minimum C, values on the roof, inner parapet walls, and top of the parapet
wall. Further studies should focus on optimizing the total weight of the
underlying structural frame, to include the cost of the parapet.

In this thesis, the optimization is for a single objective function. Further
studies should focus on multi-objective optimization of structures with

parapets through the use of wind tunnel testing.
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