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ABSTRACT

With advancements in design tools, architects and engineers have developed novel sustainable
solutions that reduce the amount of embodied carbon in structures while maintaining structural integrity.
A concrete structural system, though commonly used, contributes a large portion of a building’s overall
weight, emissions, and embodied carbon. Concrete systems are often overdesigned in terms of material
when using common construction and fabrication practices, resulting in a larger building embodied carbon
footprint than necessary. As advanced construction technology and fabrication methods have emerged
alongside performance-based design methods, new design possibilities can be found through computational
methods such as structural optimization. However, structural optimization procedures often neglect
secondary design objectives such as acoustics during the computational process. Acoustic-based
performance objectives are directly impacted by structural shaping due to the overlap of objectives such as
structural mass, which relates to sustainability. Sound phenomenon such as speech can be easily transmitted
through lighter, thinner elements compared to heavier, stiffer elements. The acoustic characteristic of
transmission loss, which describes the amount of sound transmitted through a structure, is a concern while
shaping concrete slabs, as geometry-based structural optimization may create an unsatisfactory acoustic
environment between building floors. The acoustic metric, sound transmission class (STC), is used to
provide a single number quantity to represent the transmission loss values in one-third octave bands.

This thesis performs an investigation of structural and acoustic behavior for shaped concrete slabs
with curved, non-standard geometry. Nine unique geometric variables were used to define and shape
concrete slabs. For this parametric geometry, structural and acoustic models were developed to
simultaneously evaluate each design as geometric variables changed. The design space was sampled using
Latin Hypercube Sampling (LHS) to determine broad relationships between structural mass and STC.
Structural mass is the objective that relates to embodied carbon; as structural mass decreases, the amount
of embodied carbon the slab has decreases. STC is a standard metric that quantifies acoustic performance
of speech and noise transmission through a structure. The structural model and acoustic model identify slab
designs that meet all the structural and acoustic checks. Following initial design space exploration, multi-
objective optimization (MOQ) was used to improve upon the resolution of obtaining the best shaped slabs
in the design space while confirming the general structural-acoustic trends from LHS. Then constrained
optimization was used to find the best performing shaped slab designs at specific acoustic levels.
Constrained optimization further increased the resolution of obtaining the best shaped slabs from MOO.

The benefits of shaped concrete slabs were then compared to conventional layered floor constructions.
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Chapter 1

Introduction

In an urbanizing world, architects and engineers are tasked with discovering sustainable building
solutions that incorporate efficient energy systems, structural integrity, low building cost, and other goals.
In a rapidly growing world in which a predicted increase of 2.5 billion people will live in urbanized
locations by 2050 (UN, 2018), buildings have a major impact on the daily lives of people living in high
density locations, as it is estimated that people spend upwards of 90% of their lives in buildings (Aries et
al., 2010). These statistics emphasize the necessity that buildings have pleasing personal and professional
environments to its tenants. Yet buildings also have a major impact on the global environment.

It is estimated that urban areas consume over 70% of global energy and account for upwards of
76% of fossil fuel CO2 emissions, indicating the significance of buildings in the global environmental
makeup (Seto & Dhakal, 2014). With current trends and population forecasts, the principles of sustainability
demand that the design of future buildings consider environmental impact. There are many different
dimensions of sustainability such as building operations like efficient mechanical systems, use of daylight,
and utilization of renewable energy sources (Balta et al., 2010). Although much of the focus of sustainable
building design has been on operational energy, there is a growing body of research aimed at limiting the
embodied energy in buildings (Cabeza et al., 2013).

In particular, reducing the embodied energy of structural systems could meaningfully contribute to
the overall sustainability of buildings. Among building materials, structural concrete systems can have a
significant impact on the building’s overall weight, emissions, and energy as concrete slabs are one of the
largest contributors to a building’s embodied energy, specifically embodied carbon energy (Lenzen &
Treloar, 2002). Concrete floor systems have been a popular design solution for tall building design since
the 1960’s due to their bulk and stiffness, lack of floor deflections and vibrations, and ease of construction.
It is predicted that concrete design will continue to be utilized as design solutions evolve and building
construction technology advances (Ali & Sun Moon, 2007). Therefore, careful reduction of structural
system material, such as concrete, while maintaining structural integrity is an intriguing potential
sustainable design solution.

Yet at the same time, reducing the material in concrete structural systems can have negative
consequences for secondary design considerations such as thermal conductivity and acoustics. The

acoustics within a space may be impacted by how the structural system is optimized for sustainability, since



additional mass broadly increases acoustic performance. Sound phenomena such as speech can be
transmitted easily through lighter, thinner walls compared to heavier, thicker walls. The structural-acoustic
concept of transmission is a concern while reducing concrete mass as less material may cause a decrease in
the amount of sound transmission that a structure can provide, resulting in an unsatisfactory acoustical
environment for an adjacent space. Since the transmission loss through a partition can cause poor acoustics
in a building, building codes began to incorporate an acoustic metric to obtain a minimum satisfactory
acoustic environment. Current building codes cite specific sound transmission requirements for various
types of building structures (International Building Council, 2018).

To account for the different facets of a structural system, researchers must understand the
interdisciplinary relationships that the structure has within the broader scope of the building. Research that
uncovers the nature of interactions between primary and secondary design considerations can provide a

more holistic understanding of a structural system’s behavior.

1.1 Buildings’ environmental impact in a growing cityscape

Buildings have extensive energy demands throughout their life cycle due to occupancy and usage.
Building operational energy is typically defined by the amount of energy required to perform the daily tasks
for operations such as mechanical heating and cooling and electrical demands. Extensive research has been
performed that recommend methods to reduce the operational energy in buildings (Shoubi et al., 2014;
May-Ostendorp et al., 2011). Yet operational energy in buildings is not the only energy associated within
a building’s life. The embodied energy is the second energy type associated with a building. Embodied
energy is referred to as the energy stored within materials and used in the construction of the building.
Structural systems are responsible for a large portion of the embodied energy due to the amount of material
required to resist all loads, as well as the type of material used, and the energy demanding fabrication and
construction processes. Specifically, in a multistory concrete building frame, cement and steel account for
nearly 90% of the building’s total embodied energy as indicated in Figure 1-1 (Bardhan, 2011). Embodied
energy in materials used in the construction of a building’s structural system has increased significance in

a building’s life cycle as better energy performance is required of the building (Cabeza et al., 2013).
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Figure 1-1: Percentage distribution of materials’ embodied energy in multi-story buildings (Bardhan, 2011).

According to Miller et al. (2015), 23 trillion kilograms of concrete is consumed annually in building
design. The authors also found that concrete contributed to 56% of the building’s mass. A further
investigation shows that the cement industry alone contributes approximately 5% of global anthropogenic
CO; emissions; a major environmental factor (Flower & Sanjayan, 2007). Engineers and designers have a
unique responsibility as they can specify the production type and the material properties for structural
concrete systems (Ali, 2001). As such, designers can contribute to overall building sustainability by both
specifying greener materials and using less material through design. A reduction of concrete material
through either means can improve the health of the building and environment.

In a sustainable building study conducted by Ajayi et al. (2016), it was found that the more
sustainable a building is, the less its tendency for having negative health effects on building operatives,
occupants, and the global environment. However, the researchers did not elaborate on the occupant health
effects. In another study, sustainable solutions in office building air quality and thermal comfort have been
shown to improve occupancy satisfaction (Abbaszadeh et al., 2006). These studies suggest that
sustainability should be implemented in building design for the benefit of the global economy and the
building’s tenants.

In addition to the benefits mentioned, optimized structural concrete systems can reduce the vertical
height of buildings as efficiently designed concrete slabs can have a reduced thickness. Building story
height is of architectural interest because even if the slab on the floor is reduced by a few inches, this will

result in a reduction of several feet in building height for a tall building. The reduction also contributes to



sustainable solutions in building by reducing the amount of material needed. However, as sustainable
solutions reduce the seemingly critical considerations in building design, these solutions potentially neglect
important secondary building design considerations.

1.2 Acoustical considerations in buildings

While the immediate solution may appear to be to reduce the slab’s material in tall buildings, this
may impact secondary design considerations, such as acoustics. In design of large buildings, an acoustician
may assist in the building design such as auditoria or theater rooms. Yet for the acoustic design of other
rooms, many acoustic recommendations are not implemented in early building design. The early design
phase mainly focuses on the primary design disciplines and the overall building’s function. Outside of
auditoria, acoustics are often considered well after the conceptual design phase. Furthermore, acoustic
solutions may seem unnecessary during building fabrication and only implemented if occupants have
acoustic complaints. Acoustics is often a design consideration in buildings that is overlooked, which can
have a negative impact on building tenant health (Rasmussen, 2010).

Acoustics is critical to the design of buildings as it directly impacts whom buildings are designed
for: the occupants. If the acoustic environment is satisfactory, then occupants will be able to enjoy
inhabiting the building (Kamaruzzaman et al., 2018). But if the acoustic environment is not satisfactory,
then residents will find occupancy unpleasant and demand solutions to quiet certain rooms or areas in a
building. Abbaszadeh et al. (2006) found that the acoustic complaints generally increased in LEED certified
office buildings as seen in Figure 1-2. Despite the difference of sample size between the building types,
LEED buildings have higher complaint percentages, especially for acoustic problems involving speech.
The increase in speech complaints suggests that despite the effectiveness of LEED buildings to reduce
building energy and provide efficient design solutions to primary design concerns, that secondary design
concerns, like acoustics, should also be considered. In a different study, Field (2008) determined that
sustainable goals such as recycled material, daylighting, and natural ventilation have negative consequences
on the acoustic environment. Due to the importance of building sustainability, acoustics is often not

considered in the design phase, which leads to acoustic complaints post construction.
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Figure 1-2: Average acoustic complaints in LEED-rated buildings (n=21), to building database (n=160)
(Abbaszadeh et al., 2006).

Acoustic solutions can be incorporated at the component scale. Sound masking and attaching
absorptive fabric on room surfaces are easy and relatively cheap solutions to improving the acoustic
environment in a building (Field, 2008). For example, implementing sound masking in the construction of
a new room is an inexpensive solution to improve the acoustic environment of the room (Moeller, 2014).
However, if acoustic solutions are applied after construction, the cost to implement the acoustic solutions
increases. Acoustic consideration post construction also limits retrofitting solutions. If acoustic design is
considered at the forefront, then the room’s structure could be designed to account for the acoustic
environment.

Often, the tenants must live or work in a less than ideal acoustic environment (Moeller, 2014).
Occupancy health is a major concern in a poor acoustic environment. The noise level and speech privacy
between rooms are the two primary acoustical concerns in buildings. Poor acoustics can lead to annoyance,
sleep disturbance, psychological stress, and mental health problems (Kamaruzzaman et al., 2018).
Therefore, the acoustic environment must be considered in the design of the building, often in accordance

with other design disciplines. Furthermore, understanding how acoustic concerns interact with early



decisions such as the selection of the structural system may yield broad benefits regarding building

sustainability and occupant health.

1.3 Structural and acoustic design trade-offs

There are several building disciplines that impact the acoustic environment such as mechanical
design, structural design, and lighting design (Moeller, 2014). Structural design is unique in that it is closely
integrated in the architectural design of the building while impacting the acoustic environment. The design
and construction of the structural system can significantly reduce the amount of sound in an acoustic
environment or the sound that travels through a structure. The interaction that a structure has on an incident
sound wave causes the sound wave to reflect, to be absorbed, or to be transmitted through a structure. The
transmission of sound is a significant aspect of this problem because sound generated in one acoustic
environment can be audible in another acoustic environment.

Transmission loss, or the amount of sound energy that is transmitted through the structure, is one
of the acoustic interactions incorporated into building design codes. Structural-acoustic interactions such
as transmission loss depend on the frequency of the sound source, therefore complicating the creation of a
total acoustic performance metric as a single number. However, a sound metric called Sound Transmission
Class (STC) is widely implemented for structures in building design codes because it characterizes the
transmission loss values observed in one-third octave center frequencies in the frequency range of speech.
However, structural-acoustic interaction was not originally investigated for applications of structural
systems in buildings.

Early research on sound-structure interaction was conducted by mechanical and aeronautical
engineering driven problems to reduce the amount of transmission through a structure. Plates, shells, and
beams were analyzed to investigate structural-acoustic waves. The analyzes were typically done using a
finite element model with definitive support conditions (Marburg et al., 2016). Applications for these
models were primarily for automobiles and airplanes, often to refine the design near the middle of the
design process. However, incorporation of structural-acoustic trade-offs may need to be incorporated earlier

in the design phase to ensure optimal structural and acoustic design.



1.4 The benefit of computation in building component design

As previously mentioned, quality design solutions must be found at the component scale to
accommodate for increased urbanization, environmental concerns, building utilization, and the well-being
of the occupants. This thesis uses several design space exploration approaches to generate and consider
multiple permutations of design solutions, based on geometric variables and building performance
objectives. Architects and engineers are increasingly using such techniques for early design, often creating
a catalogue of potential designs for selection. In some cases, however, it makes sense to automatically
move through a design space to find the best potential design solutions, which is referred to as optimization.

According to Goldberg (1989), design optimization methods such as genetic algorithms have
applications in many engineering disciplines. Optimization has been utilized for mechanical and aerospace
engineering for decades, but applications to civil structures has only been realized recently. The slower
incorporation of optimization design in civil structures is due to technological advancements in building
design programs for generating and evaluating designs. Computer simulation coupled with optimization
frameworks can pursue simultaneous design goals, prioritize them, and identify trade-offs in objectives.

The simultaneous pursuit of achieving design goals and identifying trade-offs is a variation of
optimization in the design industry. Optimization is a mathematical technique for minimizing an objective
function while subject to a particular set of variable bounds and constraints (Rardin, 2016). Yet, most
architects and engineers are evaluating designs based on several design objectives. To solve these complex
problems, multi-objective optimization (MOO) can be a solution for designers to find the trade-offs between
various objectives. Brown (2016) states that MOO could be used to improve current theoretical workflows
and generate high-performance designs by addressing a variety of objectives simultaneously.

Design space exploration techniques such as MOO, analyze the multiple designs’ objective
performance which enables architects and designers to create innovative solutions based on computational
results (Turrin et al., 2011). Through design space exploration, this thesis will identify novel building

solutions to solve complex design problems that were not previously discovered.

1.5 Thesis scope and structure

This thesis utilizes a multi-objective framework to investigate relationships between structural and

acoustic performance in shaped slabs and determine optimal structural designs for different acoustic

criteria. It first explores a structural-acoustic design space for curved one-way slabs using Latin Hypercube



Sampling (LHS). Each potential design is evaluated structurally under residential building loads using
American Concrete Institute (ACI) and American Society of Civil Engineers (ASCE) design codes. It is
then assigned an STC rating based on the American Society for Testing and Materials (ASTM) E413
standard using an analytical model for transmission loss. After an initial analysis of trends in the design
space and identification of non-dominated solutions, a multi-objective optimization algorithm (NSGA-II)
is used to find a higher resolution approximation of the Pareto front. The objective functions are to minimize
material mass (structural mass) and maximize acoustic performance (sound transmission class).
Constrained optimization is then conducted for specific STC ratings, which establishes the best designs on
the Pareto front for certain performance requirements. Finally, the best concrete slab designs are compared
to conventional floor constructions with good acoustic performance. The overall goals are to estimate how
much material can be saved while ensuring an adequate acoustic environment, and to understand the main
relationships between geometry, structural form, and acoustic performance objectives.

Following this introduction, the Chapter 2 of this thesis summarizes existing literature related to
embodied energy (specifically embodied carbon energy), sustainable concrete solutions, room acoustics,
and optimization applied to structural and acoustic design in buildings. It identifies research gaps and
formulates research questions. Chapter 3 presents the methodology for developing the geometric, structural,
and acoustic models, and describes the procedure for implementing design space exploration and
optimization. Chapter 4 provides the results of the initial design space exploration by identifying designs
that qualify based on structural and acoustic checks and noting geometric patterns that lead to high-
performance designs. Chapter 5 details the results of the multi-objective optimization and constrained
optimization, presenting an overall Pareto front approximation for this design problem. It also compares
the results of floor shaping to layered floor constructions with known good acoustics. Finally, Chapter 6
summarizes the contributions, limitations, and future work, noting opportunities for greater understanding

of the structural-acoustic behavior of shaped concrete slabs.



Chapter 2

Background: Optimizing Concrete Slabs in Building Design

This chapter introduces and discusses the major topics that are involved in this research including
embodied carbon, sustainable concrete structural systems, room acoustic design, optimization and design
space exploration, and the incorporation of optimization algorithms in a design space. The chapter
elaborates by detailing existing research at the intersection of building sustainability, structural building
design, acoustic building design, and computational optimization techniques. Research questions that
address holes in these research fields closes the chapter. Bolded terminology includes key terms used

throughout this chapter, in addition to other common terms provided for reference.

2.1 Sustainable design in buildings

To provide sustainable solutions to a growing environmental crisis, designers have increasingly
considered embodied energy, life cycle emissions, and other environmental concerns in building design.
According to De Wolf et al. (2017), the building industry is responsible for 40% of global energy
consumption and 30% of anthropogenic greenhouse gas emissions. As new infrastructure is designed, there
must be increased awareness of the environmental impact that the building has in order to reduce global
energy consumption. Operational energy in buildings has been investigated in research to investigate green
HVAC systems solutions and ways to utilize renewable resources (Balta et al., 2010; May-Ostendorp et al.,
2011; Shoubi et al., 2014;). Another facet of building energy is the building’s embodied energy.

Embodied energy, in a general sense, encompasses the direct energy obtained to support the
process under consideration in addition to the indirect energy embodied in inputs to the process (Fay et al.,
2010). Embodied energy in a building typically refers to the total amount of greenhouse gas energy exerted
in a process such as the fabrication of a building or the embodied energy of an input such as the embodied
energy in a structural system. A specific classification of embodied energy is embodied carbon energy (or
embodied carbon), which is defined as the amount of embodied CO; energy stored within a material,
structural system, or building (De Wolf et al., 2017). The embodied carbon of structural systems in a multi-
story building is of interest as structural systems require more material and energy, specifically embodied

CO; energy, for fabrication and construction (Foraboschi et al., 2014). The embodied carbon of a structure



is calculated by the structural material quantity (SMQ) multiplied by a material coefficient found in various
databases, such as the Inventory of Carbon and Energy (ICE) database (Jones et al., 2011). Embodied
carbon relates to structural optimization objective functions such as the amount of the material, stiffness,
or strain energy (Brown, 2016). This research investigates the structure’s embodied carbon energy.

Lower embodied carbon energy leads to more sustainable buildings, which have also been found
to have less negative local and global impacts on building operation and residents (Abbaszadeh et al., 2006;
Ajayi et al., 2016). As a result of their potential benefits, significant ongoing research is being conducted
to find ways to reduce building energy through innovative sustainable design solutions. Embodied carbon
energy correlates to the fabrication and construction of the building, which has led to recent research in a
building’s structural system. Since structural design is a primary building consideration, sustainable designs
are brought to the forefront of the design process.

Considerations of embodied carbon in structural materials become especially important for tall
buildings, since there is a structural premium paid for building taller structures and tall buildings contain
significant structural mass in both gravity and lateral systems. Technology growth in the construction
industry has enabled architects and engineers to develop novel solutions to design tall buildings.
Advancement in construction technology has enabled innovative design solutions for common structural
systems, such as concrete systems. In concrete alone, new concrete mixes have led to the development of
lightweight concrete, high strength concrete, and high-performance concrete. These advances have allowed
concrete to be a suitable solution in the design of skyscrapers and other unique structures. It is predicted
that concrete and composite structural systems may become the choice in the design of future cityscapes
due to the flexibility and formability properties (Ali, 2001).

Since concrete structural systems are common in the building industry, researchers have explored
the environmental impact that these systems have. In a multistory concrete building frame, cement and steel
account for nearly 90% of the building’s total embodied energy, with at least 50% of the embodied energy
within horizontally spanning elements as indicated in Figure 2-1 (Huberman et al., 2015). Horizontal
structural concrete systems are common in the building industry, specifically in multi-story building design.
Structures like concrete slabs are straightforward in the structural design and analysis yet have an excessive

amount of embodied energy.
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Figure 2-1: Percentage distribution of embodied energy in multi-story concrete buildings (Huberman et
al., 2015).

Bending forces acting on the concrete slab are often what control the design for these members.
However, the concrete slab does not experience the same amount of bending force across the entire length
of the element. Similarly, the shear forces experienced on the concrete slab differ across the member. Since
the greatest structural forces are not experienced uniformly, the slab’s structural material could be reduced
without sacrificing structural integrity. Traditional construction practices have limited the amount of
structural material reduction, therefore resulting in excessive embodied carbon energy. Yet with advances
in construction technology and design tools, there is potential to reduce the amount of embodied carbon
energy in traditional concrete systems by shaping the concrete slabs according to the maximum structural
forces.

2.2 Structural design in buildings

Concrete slabs have been utilized in the design of tall building structures for over a century. One-
way slabs are widely utilized in the design of a building’s structural system as shown in Figure 2-2 (Ching,
2015). They are effective structural systems in providing uniform load paths from floor to floor in a building
and have well established structural behavior. While most concrete slabs are poured on-site during the
construction process, concrete slabs can be prefabricated and transported to the construction site for use.
Thus, an optimized slab configuration could be produced repeatedly in a clean environment, and then

applied in many building sites.
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Figure 2-2: Architects and engineers utilize one-way slabs as a common structural system in building design
(Ching, 2015).

One-way concrete slabs are commonly banded beams, as shown in Figure 2-2, or pan joist systems.
In a pan joist one-way system, sheet metal pans and plywood deck form deep rectilinear ribs. Pan joist
systems are often characterized by high strength, but large floor depths. Structural code and traditional
construction methods have limited wide use of pan joist systems in building applications outside of parking
garages.

Other concrete systems include two-way concrete slabs. Unlike one-way slab systems, two-way
slabs are supported in both directions with a maximum short-to-long span ratio of 2. There are many specific
two-way slab systems including flat plate systems, flat slab systems, slab-beam systems, and two-way
ribbed or waffle slab systems. Two-way slab systems are more geometrically elaborate, with increasing
structural analysis complexity. As a result, the structural performance of these systems is commonly
assessed with computer-aided design programs.

To regulate the structural integrity of concrete systems, a design code was established. The
American Concrete Institute (ACI) structural concrete code, ACI-318, discusses the structural strength and
design requirements to accurately design concrete structures (ACI Committee 318 & American Concrete
Institute, 2019). ACI-318 also details the design of structural concrete floors. The equations in ACI-318 are
often based on extensive testing of conventional concrete structures.

Conventional concrete structures have been designed as continuous structures. Researchers and

designers did not begin to widely consider non-continuous structures until the 20" century. Concrete
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structures were suggested to be segmented based on the strength demands along the concrete structure
(Timoshenko, 1953). Research into how structural load demands can lead to shaping of structural systems
began to grow. This research led to structural optimization based on the structural capacity requirements
(Muttoni, 2011). Recently, structural optimization has been investigated for maintaining structural integrity
while reducing the embodied energy of the structure. Reducing the amount of embodied energy within a
structure is paramount, especially due to the large amount of embodied energy within horizontal spanning
structures, as discussed in Section 2.1. Because of the potential for significant embodied energy reduction,
horizontal one-way concrete slabs are investigated in this thesis.

One method of shaping one-way slabs is a flat slab integrated with shaped joists. This system
provides designers with a unique solution to reduce the top slab thickness of a traditional flat slab system
while designing shaped joists that provide additional structural material along the length of the slab for
where the structural forces are greatest. A traditional flat slab, though easy to construct, has the most amount
of excessive structural material. An integrated flat slab with shaped joists provides a great opportunity to
reduce the amount of structural material, resulting in a reduction of embodied carbon energy.

With the reduction of concrete material in a concrete structural system, other building design
considerations are affected. The total cost of the building is reduced because of less material, the mass of
the building is reduced, and the vertical height of the building is reduced. Despite these advantages, a
disadvantage that has seldom been addressed to this solution is how this system impacts the acoustical

environment.

2.3 Acoustic design in buildings

When sound impedes on a structure, there are three primary structural-acoustic interactions that
occur. When an incident sound wave hits a structure, a percentage of the incident sound wave is reflected
off of the structure and back into the acoustic environment where the incident sound wave originated from,
absorbed by the structure, or transmitted through the structure and into a different acoustic environment.

Figure 2-3 provides a visualization of the main structural-acoustic interactions.
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Figure 2-3: Sound-structure interaction.

The reflection and absorption of sound are the two interactions investigated in room acoustic
design. Room acoustics is defined as the acoustic phenomenon occurring within one room. especially in
churches, concert halls, and other spaces suited for live performances. Designers of historical cathedrals
had an interesting design challenge: they had to design a large room space that had good acoustics for both
speech and music which involved the understanding of both reflected sound and absorbed sound as seen in
Figure 2-4. Designers resolved to designing elaborate worship spaces with various room geometries (Giron
etal., 2017).

() ®)

Figure 2-4: Images of (a) the Notre Dame Cathedral and (b) the Royal Chapel of the Cathedral of Seville
(Giron et al., 2017).

It was not until the past few centuries that a scientific, quantitative understanding of room acoustics
was developed. In 1895 Wallace Sabine conducted acoustical measurements in order to improve speech
audibility in a large lecture hall at Harvard University (Sekuler, 2002). Through these experiments, Sabine
explored the acoustical phenomenon of reverberation which was based on the amount of sound reflection
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and absorption within a room. The understanding of reverberation led to the creation of the room acoustic
metric of reverberation time (Sekuler, 2002). Sabine’s investigation into acoustic interactions sparked the
field of room acoustics.

Room acoustics is the primary consideration in the design of churches and auditoria but is not
consistently considered in typical building environments such as residential and office buildings (Akama
et al., 2010; Barron, 2010). This is because acoustic metrics such as reverberation time are not critical
design variables in the design of most building spaces. However, the amount of sound power transmitted
between rooms is of importance due to the impact it has on the acoustic environment in adjacent spaces.

Unlike reflection and absorption, the transmission of sound is beyond the limit of one room:
therefore, sound transmission impacts building acoustics. Building acoustics is the investigation of acoustic
phenomenon between multiple rooms, specifically in relation to the transmission of sound. In the lens of
building acoustics, transmission through the structure is a major concern because the transmitted noise can
in some cases lead to unwanted noises in adjacent spaces and decrease the basic functionality of the room.
In the context of residential and office buildings, two acoustical concerns are the noise level and speech
privacy from room to room, which is directly contributed to the sound transmission through a structure
(Kamaruzzaman et al., 2017).

The standard acoustic quantity that describes the amount of sound transmission through a structure
is transmission loss (Cassidy et al., 2008; Moritz et al., 2015). Transmission loss, or sound power
reduction, in a building refers to the ratio of incident sound power to transmitted sound power. The ratio of
sound powers is determined through the calculation of the transmission coefficient, which is directly
inputted to obtain the transmission loss. A high transmission loss is preferable in the construction of
structures, including walls and floors. In a building, many sound sources exist such as speech, music, and
footfall. These sound sources translate to airborne and structural-borne noise in a building (Roozen et al.,
2018). Transmission loss is dependent on the acoustic frequency of the sounds in a building. As the
frequency increases the transmission loss, put broadly, increases. However, there are some nuances to this
relationship as indicated in Figure 2-5. As the frequency increases, the transmission loss moves from the
mass-controlled region to the stiffness-controlled region (Fahy, 1987). The stiffness-controlled region is
characterized by higher TL values than the mass-controlled region. Yet, there is an intermediate region
called the coincidence region that meaningfully reduces the TL. Depending on the structure’s mass density,
stiffness, and damping the frequency in which the coincidence region occurs varies. This variation of TL
in different frequencies makes it important to analyze a frequency range to quantify the acoustic

performance of a structure.
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Figure 2-5: The frequency dependence of infinite panel transmission loss (Fahy, 1987).

In addition to the frequency range bounds, it is important that the frequency range investigated is
at a high enough resolution to meaningfully capture the coincidence dip. A low frequency resolution may
not be able to capture the depth of the coincidence dip compared to a high frequency resolution. The
common convention for acoustic research is to use a medium to high frequency resolution. Medium to high
frequency resolutions are important for accurate calculation of the transmission loss. Since the frequency-
dependence of the transmission loss quantity complicates its use in building codes, a simpler acoustic metric
is desirable.

The American Society for Testing and Materials (ASTM) developed a new acoustic metric that
was able to quantify the transmission performance of a structure (ASTM International, 2016). The acoustic
metric, called Sound Transmission Class (STC), was developed to quantify the sound-insulation value of
walls and floors in residential buildings (Northwood, 1962). The metric established a single integer rating
to a range of frequencies using an established STC contour. The STC contour was established based on
experimental research of many different structures. STC was primarily interested in investigating the
amount of speech transmission through a structure by investigating the transmission loss values at one-third
octave bands ranging from 125 Hz to 4,000 Hz. The metric also aimed to provide a recommended measure
for acoustic performance in buildings (Northwood, 1962).

To find the STC of a structure, the transmission loss from 125 Hz to 4,000 Hz must be found. The

transmission loss values for the frequency range are then adjusted for an STC contour. The obtained
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transmission loss values are then subtracted from the STC contour to identify any STC deficiencies. STC
deficiencies are any transmission loss value below the STC contour and help determine the structure’s
acoustic performance. The two criteria for determining the STC are that the sum of the deficiencies cannot
exceed 32 dB and the max deficiency between the transmission loss value and the STC contour cannot
exceed 8 dB. Until the STC contour maximizes the sum of the deficiencies while behaving the two rules,
the STC contour is re-selected the procedure is iterated again. Once the final STC contour is found, the STC
contour value at 500 Hz is the specified STC integer. Figures 2-6 and 2-7 seen below visually explain the

criteria in determining a STC for a given transmission loss data.

| Obtain TL values for 125 Hz to 4,000 Hz

Select a STC contour -
Iterate to find correct STC cantour

Subtract TL values from STC contour

TL values below the STC centour
are identified as deficiencies

If ¢criterions aren’t met, re-select STC contour  —

1: Any defency < 8 dB
2: % Defeciencies < 32 dB

Find the STC contour that maxes the criterions | i
Iterate 1o find last STC contour that doesn’t fail

|The STC value is the TL value at 500 Hz

Figure 2-6: Flowchart to determine sound transmission class.
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Figure 2-7: Explanation of sound transmission class.

European countries use a similar laboratory calculation to quantify the transmission through a
single structural component called sound reduction index. The sound reduction index quantifies the amount
of sound transmission through a structure as specified by 1SO 140 (Rindel, 2018). This calculation is
accurate when evaluating based on intensity measurements. Despite its accuracy and frequent usage in
European countries, the metric has not been incorporated into American building codes.

Research found that American building acoustic recommendations may not suggest the necessary
sound transmission requirements needed for optimal building functionality. Designers may meet a set
acoustical standard such as a sound transmission class in structural elements in the room design (Clark,
1970), yet these ratings are often not satisfactory on the overall building acoustic environment.
Additionally, standard acoustic metrics like STC fail to capture the entire acoustic performance of a

structural component as the acoustic performance is flattened down to a single integer. Even though a single
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integer has benefits, it often oversimplifies the acoustic performance. Two structural components could
have the same STC rating but substantially different low, medium, and high frequency transmission.

The failure to accurately quantify the indoor acoustic environment in traditional acoustic metrics
has caused researchers to investigate and develop new acoustic metrics that quantify sound transmission.
In a recent study that explored the acoustic performance of a shaped concrete slab, Roozen et al. (2018),
determined that a mobility-based approach accurately quantifies a structure’s transmission behavior. But
this new metric did not resolve the frequency dependent values into a single acoustic number, therefore
limiting the application of this metric in an optimization framework. Furthermore, there are additional facets
of sound-structural interaction of sound transmission not captured by any standard metrics. Nevertheless,
research has demonstrated that the primary acoustic concern in sustainable buildings is unwanted speech
transmission, and STC is the current standard by which building components are evaluated. Therefore,
STC is the most appropriate quantitative metric for use with an optimization framework for initial slab

shaping, as described in this thesis.

2.4 Optimization

Within a computational framework, optimization is increasingly used in architecture and
engineering to find high-performance designs. Optimization is a mathematical procedure for finding the
best solution(s) out of several iterations while bound by multiple design variables and mathematical
constraints (Belegundu & Arora, 1985; Bendsge & Kikuchi, 1988; Brown, 2016; Shepherd, 2019).
Therefore, optimization-based conceptual design simulations aid designers towards effective alternatives
that are the best or close to the best design solutions. In the design of buildings, optimization has many
forms. The energy use of mechanical systems, daylight operations, and structural load utilization are all
avenues of optimization in a building (Beghini et al., 2014; Harding, 2016; Wortmann, 2017).

Optimization in design requires identification of a quantitative objective function (also known as
the fitness, cost, value, or payoff function), which represents the quantity that must be minimized or
maximized in the design problem (Brown, 2016). Given the framework of this research project, this thesis
focuses on two objectives functions: structural mass, which for concrete structures is directly related to
embodied carbon energy, and sound transmission class (STC), which provides a single integer rating that

quantifies a structure’s acoustic performance of sound transmission.
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An optimization problem also requires a set of options to choose from in the theoretical “design
space”. These options are defined by design vectors, which are formed by a collection of all design decisions
that are formulated as numerical design variables (Brown, 2016). The design variables are numbers that
correlate to a specific geometric feature or other element of the design. The variable bounds represent the
confines to which the variables can be adjusted (Brown, 2016). Additional design constraints can be added
to ensure that solutions satisfy specific conditions, such as a maximum possible slab depth.

The design space is the assemblage of the above rudiments that includes all possible design
solutions. The value for each design solution in the design space is stored in the objective space. The design
space and the objective space are linked and are explored differently depending on the research questions
asked and the utilization of the design solutions. Yet, in typical optimization problems, the design space is
explored to find the best potential combination of design variables found in the objective space (Marler &
Arora, 2004).

With the growing need to address diverse design concerns, these variables and objectives are often
linked through computational modeling. One of the computational solutions in design space exploration is
parametric design (Monedero, 2000; Woodbury, 2010; Oxman and Gu, 2015). Parametric design is used
to describe designs driven by a set of variables. Parametric design can significantly reduce the manual effort
needed to produce design iterations. Parametric models afford the ability to include required building
properties for simulation in the model definition itself, such that each generated option can be simulated
and directly compared without additional human effort (Brown, 2019).

In the building industry, structural engineering has traditionally considered to have been optimized
from designing the most structurally efficient and economical design. Structural optimization can be dated
back to the late 1500’s when Galileo Galilei determined a material optimized cantilever for a provided load
(Timoshenko, 1953). In the early 1900’s Mitchell (1904) furthered the research of reducing material of
structures by evaluating trusses, indicating that structural systems could be optimized by removing excess
material. Yet later in the century novel numerical simulation packages were created in parallel with an
increase in computational capacity resulting in the growing popularity of optimized parametric structural
design.

Structural optimization through computation has only been investigated more recently as
researchers and designers began to investigate design spaces through computational programs. With
technological advancement, the exploration of design spaces with complex structural analysis
methodologies evolved such as the structural analysis methodology explored by Block (2007) titled Thrust

Network Analysis. Woodbury (2010), Oxman and Gu (2015), and many other researchers have further
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investigated structural design spaces, including geometric design variables and elements that impact the
iterated designs. Computational advancement has provided new geometric designs as design spaces are
modeled, iterated, and evaluated to find the best performing solutions.

Research in freeform architecture quickly followed as advanced design tools collided with
optimization procedures to find novel building designs. Freeform architecture was explored in the lens of
optimization through the work of Méndez Echenagucia et al. (2013) and Henriksson and Hult (2015).
Optimization was applied to shell structures such as concrete and masonry roofs, load-bearing masonry
walls, and auditoria design (Méndez Echenagucia et al., 2013). Henriksson and Hult (2015) investigated a
simple 2D truss, and then researched optimization of abstract triangular meshes in the search for structurally
efficient and aesthetically pleasing solutions. Freeform architecture is largely shaped by the performance
of one to several objectives in the design space. This novelty has led to performance-based design in many
fields.

2.4.1 Structural optimization of concrete elements

As previously mentioned, structural concrete slabs often have an excessive amount of material to
aid in the ease of construction, as concrete pours and molding are quick and efficient with simple geometry.
Yet with advances in digital fabrication, which enable complexly curved formwork, flexible formwork, or
even 3D printing of concrete, elaborate concrete slab geometries are more possible than before. This has
enabled the utilization of reduced concrete material in structural design.

Several developments in construction technology, especially in the field of additive manufacturing,
are relevant to this thesis. Recently, research at the intersection of digital design, additive manufacturing,
and material properties has been applied to architectural engineering disciplines (Lloret et al., 2015).
Researchers out of ETH Zurich, demonstrated the potential in this field with the fabrication of an elaborate
concrete column as shown in Figure 2-8. Their work continued, as a shaped concrete slab was designed and
fabricated that explored innovative structural concrete shaping while reducing embodied energy (Meibodi
et al., 2018). Additionally, topology optimization was utilized to investigate efficient concrete structures
(Jipa et al., 2016). Many other researchers such as Hawkins et al. (2019) and Ismail and Mueller (2019)
have further explored the potential of reducing the environmental impact horizontal concrete structures

have in building design.
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Figure 2-8: Schematic illustration of the fabrication of an elaborate concrete column, incorporating; a) the
concrete mix; b) additional admixtures; c) feedback system; d) custom design program; and e) digital
fabrication (Lloret et al., 2015).

Further research has looked at the different facets of additive manufacturing of concrete materials.
The impact of cement admixtures in digital fabrication has shown to have an impact on concrete strength
(Marchon et al., 2018). The impact that cement admixtures has on the structural slab’s strength
demonstrates the importance of the manufacturing materials. In addition, how the concrete is fabricated is
essential. Figure 2-9 shows how additive fabrication for elaborate concrete structures is layered (Valente et
al., 2019), which helps generate elaborate geometries, such as the concrete structure in Figure 2-10
(Wangler et al., 2016).

Figure 2-9: Illustration of a layered extrusion process with concrete out of ETH Zurich. (Wangler et al.,
2016).
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Figure 2-10: Complex geometric concrete structure constructed using digital fabrication (Wangler et al.,
2016).

As digital fabrication has advanced, it has increased the opportunity to implement complex
geometric structures in design practice. This innovative construction practice has caused a surge of research
in optimizing the shape of structural systems such as concrete slabs to maximize structural performance
while providing a sustainable design. Researchers at ETH Zurich have explored the reduction of concrete
material and steel reinforcement needed in complex ribbed concrete slab geometries. The Smart Slab
project, though designed using topology optimization, has spear-headed the investigation of implementing
an optimized shaped concrete slab in a building (Meibodi, 2018). Similarly, researchers in the Digital
Structures Research Group at MIT have investigated the optimization of structural systems by geometry.
Ismail (2019), a member of this research team, investigated the amount of embodied energy reduced by
shaping concrete beams. Additionally, he compared a ribbed slab to a traditional concrete slab and found
that embodied energy was saved using non-traditional concrete slab geometries as indicated in Figure 2-11.
Hawkins et al. (2019) also investigated non-traditional concrete slab geometries by investigating thin shell
concrete floor systems as a structural and sustainable solution in building design.
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Figure 2-11: Ribbed slabs were found to have significant less embedded energy with increase in depth in

comparison to traditional concrete slabs (Ismail, 2019).

Foraboschi et al. (2014) investigated the reduction of embodied energy in structural concrete
systems in multi-story buildings and found that the floor type is the primary critical design element in tall
building design. Though this research did not incorporate a parametric modeling framework, the researchers
found that building geometric variables such as floor type, positioning of columns, and height of beams can
significantly how much concrete material can be reduced in an optimized concrete slab (Foraboschi et al.,
2014). Overall, there has been an increase in contributions regarding optimized shaped concrete slab
research. Structural performance-based optimization indicates that there are design solutions that are
sustainable, constructible, and aesthetically stimulating. However, there has been little research that has
combined structural performance-based design with secondary design considerations in a design
optimization framework.

Several researchers have assessed shaped concrete slabs for secondary design considerations such
as fire rating and acoustics, but the evaluations were performed post design optimization (Roozen et al.,
2018). Yet, the incorporation of secondary considerations such as acoustics in the optimization formulation

may produce different shaped concrete slab designs then if evaluated afterwards.

24



2.4.2 Acoustic performance-based design

The incorporation of acoustic performance in design optimization has only recently been
researched. The recency of this field is largely because the understanding of architectural acoustics is
continuing to grow. It has been found that acoustic objectives directly tie into primary design considerations
such as the structural system, building operations, and lighting (Shi and Yang, 2013). As stated by Badino
et al. (2020), acoustical performance is directly linked to architectural design because the room geometry
impacts sound behavior; specifically, sound reflection, diffusion, and absorption. As a result, there are
important geometric trade-offs with sound in a room. This realization has increased the need for
collaboration between architects and acousticians during the design phase.

As design tools have increasingly developed, the incorporation of acoustics has gradually increased
as a design consideration to evaluate. As architects and acousticians began to collaborate, novel auditoria
designs have been designed such as the music halls in Figure 2-12. The intricate design of these auditoria
has led to acoustic performance-based design in other room applications such as offices, gyms, and
residential areas (Badino et al., 2020).

Figure 2-12: Images of the Philharmonie de Paris and the Opera Hall of the Fuzhou Strait Culture and Art
Centre (Badino et al., 2020).

In addition to auditoria and other performance halls, acousticians are cited for acoustic solutions in
offices and residential complexes. Although the inclusion of building acoustics in these building types is
often initially neglected, it is incorporated further into the design process. Yet, when these acoustic solutions
are incorporated is an issue. Occasionally the solutions will be incorporated during the design or
construction of a building. But often acoustic consultants are called upon to mitigate existing building
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acoustic problems. Therefore, the incorporation of acoustic performance early on in building acoustics
could be beneficial to the building owners and tenants.

Acoustic performance-based design has largely been incorporated at a room scale and not at a
building element scale aside from Méndez Echenagucia et al. (2016) who investigated curved structural
panels for sound reflection. Consideration of acoustic performance at the building element scale could
increase the indoor acoustic environment and resolve acoustic problems post construction. Specifically,
acoustic performance-based design has not thoroughly investigated the impact of sound transmission, likely
due to acoustic performance-based design only being incorporated for individual rooms. Research in the
area of sound transmission should be incorporated at a building element scale due to the impact it has on
building acoustics.

Despite the void in acoustic performance-based design for sound transmission with the application
towards building design, there has been research in sound transmission with the application toward
automobiles and aircraft. Furthermore, this research has been primarily focused on how a structural system
vibrates at certain modes under specific boundary conditions. This is because structural vibrations is an
important topic to many engineering disciplines such as aerospace and mechanical engineering.
Traditionally, research on structural-acoustic interaction has involved computational methods such as finite
element analysis and boundary element analysis to determine the impact of vibrational modes on structures
(Johnson & Cunefare, 2002; Shepherd, 2014). Experimentally, structural-acoustic research was conducted
through analysis of velocity patterns (Johnson & Cunefare 2007), advanced technology such as active
sensor control (Berkhoff, 2000). The effect of structural stiffeners on radiated power was thoroughly
researched in several curved geometries such as shells (Nandy & Jog, 2012) and flat panels (Shepherd,
2015). Sandwich structures were also investigated for constrained acoustic methods involving sound power
(Wennhage, 2003).

A small sample of research has investigated how acoustic performance-based design of sound
transmission is impacted by geometry. Ng and Hui (2008) found that honeycomb panels, with the geometry
shown in Figure 2-13, can have a transmission loss of up to 40 decibels in the mid-low frequency range,
suggesting that changing structure geometry can impact building acoustics. Similar work conducted by
Berry and Nicolas (1994) also suggests panel geometry can have a significant impact on structural acoustics
behavior (Blackstock, 2000). These researchers suggest that geometry of structural systems significantly

contributes to acoustic characters including transmission loss.
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Figure 2-13: Dimensions of honeycomb geometry in research conducted by Ng and Hui (2008).

Research regarding geometric changes within the panel suggest that sound transmission would be
impacted by the structure’s geometry for complex floor systems. To investigate how sound transmission

and shaped concrete slabs could interact, a method to investigate both objects simultaneously is needed.

2.5 Multi-objective optimization in design

The algorithm settings and preferences must be considered in the early phases to accurately conduct
the research. There are many variables that impact the selection of an optimization algorithm. Kheiri (2018)
recommended the following optimization algorithm considerations: robustness, efficiency, accuracy,
single/multi-variable, single/multi-objective, local / global optimization, continuous and discrete variables,
and the building design stage. Touloupaki and Theodosiou (2017) stated that optimization is an iterative
process involving the selection of variables and objectives for optimization, the model necessary for
simulation, appropriate selection of objectives and optimization techniques, running the simulation until
convergence is reached, and data analysis of the results obtained. This research uses these optimization
considerations into the formulation of the proper optimization algorithms.

Multi-objective optimization (MOO) is the primary optimization technique used in this research.
MOO is performed using an evolutionary genetic algorithm called NSGA-II to identify the dominating
designs for a set of objectives (Deb et al., 2002). Marler and Arora (2004) discusses MOO broadly. The
authors detail optimization methods into a priori, which is a function that combines different objectives
into one composite function, a posteriori, which automates Pareto-equivalent solutions, and interactive,
which enables humans to select appropriate and desirable design solutions. This is done by generating a

Pareto curve which enables the designer to identify recurring distributional patterns while exploring
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observed distributions in the objective space (Blanchet et al., 2017; McCormick & Shepherd, 2020). A
Pareto front provides the trade-off of potential solutions based on the objective functions provided in the
optimization. An example of a Pareto curve can be seen in Figure 2-14 (Corriou & Azzaro-Pantel, 2015).
Yet, there is a need to evaluate the design permutations produced by the Pareto curve output.
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Figure 2-14: An example of Pareto curve that explores the best solutions for the objectives environmental

impact and cost (Corriou & Azzaro-Pantel, 2015).

Another optimization method, constrained optimization, also investigates the design space for the
best designs. Constrained optimization converges on the best designs with specified constraints and was
performed using a gradient-free algorithm called COBYLA. However, constrained optimization only
iterates through designs to optimize one objective. The other objective is held constant in addition to any
other constraints in the model. This is useful when specific values are desired for one objective, while
desiring to optimize for another objective.

There has been some research conducted at the intersection of structural systems, acoustics, and
optimization. Many aerospace and mechanical engineers investigated this work to discover ideal engine
solutions for large machinery and to solve other engineering problems. Panels for various applications have

been optimized for weight and vibration or noise depending on the research application. Marburg et al.
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(2016) discusses the literature involving structural acoustic optimization. The authors recommend the
implementation of different optimization strategies to investigate variable performance in different models.

In research conducted by Wennhage, weight-optimization studies were performed on sandwich
panel structures at both a small (2002) and large scale (2003). Wennhage (2002) investigated how the
sandwich structure performed at various weights with respect to transmission loss. An accurate prediction
of transmission loss within 1 decibel was found. Wennhage (2003) discovered that with the addition of
acoustical constraints, structural weight increased.

In a study by Karaiskou (2018) structural masonry systems were investigated for their acoustical
properties in a building. The work used Rhino3D and Grasshopper simulations to investigate parametric
designs of masonry systems. Through this work, it was found that the manipulation of certain parameters
such as period, wall depth-to-width ratio, and wall width are critical at achieving an optimized acoustic
design (Karaiskou, 2018).

Literature has suggested that there are important trade-offs between structures and acoustics from
optimization algorithms. Yet, research currently does not conduct a parametric framework that generates
complex concrete geometries that satisfy structural codes, acoustic requirements, and provide a sustainable
building design solution. In addition, performance-based acoustic design has yet to be applied at the

building element scale.

2.6 Research questions

In summary, there is often separation between the primary and secondary considerations during the
design of building components. With contemporary design and analysis software, however, it is possible to
address interdisciplinary design goals in a shared computational environment. While advancements have
been made in structural optimization for buildings, parametric performance evaluation and optimization for
building acoustics is still a nascent field. Extensive research has been conducted on the relationship between
structure and sound, largely through the lens of vibrations, in the fields of mechanical, aerospace, and
seismic engineering. Sound-structure interaction is complex, and the acoustic phenomenon of transmission
has also been heavily studied in these fields. However, simultaneous optimization for structural and acoustic
performance has not been thoroughly investigated for customized concrete flooring systems such as shaped
one-way slabs, which have recently become possible through advancements in digital fabrication. Valuable
design possibilities may thus be discovered that distribute structural material, and corresponding embodied

carbon, exactly where it needs to be to satisfy design requirements.
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After reviewing current structural and acoustic design practices in buildings, noting the limitations
of current design procedures and analysis metrics, and recognizing the value that optimization methods

have in exploring a design space, several research questions arise:

1) What is the nature of trade-offs between embodied carbon of a structure and sound transmission
class, and how should this be managed during design?

2) What are the designs for a structural concrete floor that reduces the structural material needed for
the design (minimizing structural mass) while achieving high acoustic performance (maximizing
sound transmission class)?

3) How do optimized shaped design solutions compare to layered floor constructions with known
acoustic performance?

4) Are the objectives of structural mass and sound transmission class appropriate to quantify structural

and acoustic performance-based design?

Critical evaluation of these questions also produces insights into the appropriateness of structural
mass and sound transmission class for quantifying the performance of shaped slab designs. The following
chapter discusses how these research questions will be evaluated through (1) design space exploration, (2)
optimization, (3) comparison, and (4) discussion. The research questions are revisited in the final chapter

with solutions, follow-up questions, and next steps.
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Chapter 3

Research Methodology

This chapter presents the overall methodology for this thesis. Research in structural-acoustic
behavior with an optimization framework requires an interdisciplinary process, as shown in Figure 3.1.
Further details for the structural model, acoustic model, and optimization are provided in sections 3.2, 3.3,
and 3.4.
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Figure 3-1: General methodology.

The overall methodology was segmented into several major steps. First, a design space for shaped
concrete slabs was generated based on a one-way spanning concrete joist system. The parametric modeling
and exploration of concrete slabs was implemented using Rhino3D, Grasshopper, and several open-source
plug-ins, including Karamba and Design Space Exploration. This design space utilized several geometric
features to generate the slabs, which are detailed in Section 3.1. After the concrete slab geometry was
generated, an investigation was performed to determine the proper acoustic model to use in the
determination of the concrete slabs’ acoustic performance. Both low and medium resolution acoustic
models are discussed further in Section 3.2. A structural model incorporating ACI-318 concrete code was
also used, which includes both structural strength and structural design checks. The shaped concrete slabs
were only shaped in one direction and were therefore only evaluated as one-way concrete slabs. These
checks filter the structurally unqualified shaped concrete slabs from the structurally qualified designs.
Section 3.3 elaborates on the structural checks. The objective functions of structural mass (which relates to
embodied carbon) and sound transmission class (STC) were calculated from their respective models and
were evaluated against each other by sampling the objective space.

Three different design space exploration techniques were used to investigate the structural-acoustic

interactions. Latin Hypercube Sampling (LHS) was first used to investigate initial trends in the objective



space (Mckay et al., 1979). An implementation of the evolutionary MOO algorithm NSGA-II was then used
to approximate the Pareto front in the design space and confirm the trends found from LHS (Deb et al.
2002). Lastly, the constrained optimization algorithm COBYLA was used to identify the best shaped
concrete slab designs at specific performance levels (Brownlee & Wright, 2015). The sequence of
exploration techniques thus yielded both broad information about the entire design space and specific
conclusions about high-performance designs. A comparison between these exploration techniques for
comparable computational investments also reveals strengths and weaknesses of each, providing further
guidance for future implementations of structural-acoustic optimization. The methodology for design space
exploration is further discussed in Section 3.4. Results of sampling and an initial investigation of the
objective space is provided in Chapter 4. Both multi-objective optimization and constrained optimization

are then conducted, with the results presented in Chapter 5.

3.1 Shaped slab geometric variables and model parameters

The research utilizes parametric modelling to iterate unique shaped concrete slab designs.
Parametric modelling incorporates a collection of geometric variables with specified bounds that are
modulated to generate 3-dimensional models of concrete slabs. Advances in design tools enable quick
geometric variable modifications while simultaneously performing simulations following the geometric
change. This framework enables the model to identify the best performing designs. Precise modeling of
shaped concrete slabs enables accurate simulation analyzes to determine if the designs would be satisfactory
in practice. Parametric frameworks are also beneficial when investigating sustainable design solutions
because concrete slab geometry can be manipulated to reduce the amount of embodied carbon energy within
the structure by placing it only where needed.

In knowing that a primary objective is to reduce the amount of structural mass, geometric variables
were selected that would provide the highest potential for generating sustainable solutions. As opposed to
rectilinear ribs, curved ribs allow for more flexible and continuous exploration of form, performance, and
aesthetics. Curved ribs have not traditionally been researched for their structural-acoustic performance.

The shaped concrete slab parametric model incorporates nine geometric variables as indicated in
Figure 3-2. The variables are: the number of ribs, top slab thickness, rib thickness on the ends, rib thickness
in the middle, two curvature points each with an end width and a taper and change of rib mid-width. Seven

of the geometric variables were used to shape a cross section of the shaped slab including both the top slab
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and the rib. The cross section of the rib was shaped based on the taper and end width of three control points.

The depth of the cross section was controlled by the rib depth variable.

Side View

Perspective View

Figure 3-2: Shaped concrete slab geometric variables.

Figure 3-2 shows that the designs can transition between rib and slab through smooth curves.
Elaborate rectilinear shaped slabs can be just as laborious as curved shaped slabs. Yet curved slabs have
the potential for even less structural material than rectilinear slabs. Additionally, the curved slabs provide
more aesthetic appeal than rectilinear shapes. Therefore, the slabs are shaped non-linearly.

All variables had a pre-specified range to limit the design space from generating designs that were
not constructible. The range includes a lower and upper bound for each variable, which is shown in Figure
3-3 and displayed in Table 3-1. Note that the side view is shown for the variable change in rib mid-depth
in Figure 3-3 to show how manipulating the variable impacts the slab’s geometry. The design is symmetric

and mirrored at the midspan, as shown in Figure 3-4.
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Figure 3-3: Geometric variable bounds.

Table 3-1: Geometric variable information.

Geometric Variable Label Unit Lower Bound = Upper Bound

Number of Ribs V1 Ribs 4 10

Slab Depth V2 Meters 0.050 0.400
Rib Depth V3 Meters 0.030 0.400
End Taper 1 V4 Unitless 0.200 0.700
End Width 1 V5 Unitless 0.200 0.700
End Taper 2 V6 Unitless 0.200 0.700
End Width 2 V7 Unitless 0.200 0.700
Change of Rib Mid-Depth V8 Meters -0.100 0.100
Change of Rib Mid-Width V9 % of Rib -10 80

Section Width
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Another important characteristic of the shaping concrete slab model is that the slab geometry is
mirrored across the middle of the slab. This potentially limits some interesting solutions to shaped concrete
slabs but reduces very complex geometries in the model. An example of the mirrored geometry can be seen
in the figure below.

Geometry is mirrored
at slab’s mid-span

Figure 3-4: Mirrored slab geometry.

In addition to the geometric variables, this research assumes several parameters that define the
specific design problem for optimization. The parameters are grouped into geometric parameters, structural
parameters, and acoustic parameters. The geometric parameters convey realistic concrete slabs. The
dimensions of the concrete slab are 6 meters by 6 meters, or nearly 20 feet by 20 feet, which are common
spans for a structural concrete slab. The slab is assumed to be an interior slab on both the length and width
sides. The concrete slab is assumed to be continuous on all sides. Floor-to-floor height in the building is 3
meters, or about 10 feet. The shaped concrete slabs are to be designed for incorporation within a multi-story
residential building. A floor layout of the concrete slab can be seen below in Figure 3-5. These geometric

parameters impact the shaped ribs and both the structural and acoustic matters.
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Figure 3-5: Partial floor and elevation plans incorporating a shaped concrete slab.

The model includes several structural parameters and assumptions as stated in Table 3-2. Based

on required loads for a residential building, a uniform live load was placed on the concrete slab (ASCE7-

10). In addition, the shaped concrete slab is checked to handle its self-weight, which varies based on the

geometry of the concrete slab. Another assumption is that the steel reinforcement area is constant

throughout the length of rib. Steel reinforcement is discussed further in Section 3.3. The structural analysis

of a concrete column on the slab including punching shear, steel reinforcement, and other considerations is

outside the scope of this research.

Table 3-2: Structural parameter and assumption values.

Structural Parameter / Assumption Sl Value English Value
Concrete Compressive Strength (f'c) 40 MPa 6,000 psi
Steel Reinforcement Yield Strength (fy) 420 MPa 60,000 psi
Concrete Modulus of Elasticity (Ec) 27,500 MPa 4 x 10° psi
Steel Modulus of Elasticity (Es) 205,000 MPa 29 x 106 psi
Residential Uniform Live Load 1.915 kN/m? 40 psf
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Similarly, to the structural parameters, there are multiple acoustic properties and assumptions
needed in order for the acoustic model to perform properly as seen in Table 3-3. Normal room conditions
are assumed on the rooms on both sides of the shaped concrete slab. This means that there the density of
air is assumed to be 1.29 kg/m?® and that the speed of sound is assumed to be 343 m/s as the temperature
and air conditions are typical in a building setting. The angle of incidence of the sound waves was held
constant at 45 degrees. It should be noted that there is a sensitivity analysis that investigates the impact the
angle of incidence has on the objective space in Appendix C. The frequency range under investigation in
this research was one-third octave bands from 63 Hz to 8,000 Hz. The frequency range was chosen due to
the frequency range needed to calculate sound transmission class (125 Hz to 4,000 Hz) and is a standard
frequency range for acoustic investigation. Specifically, the frequency range for speech ranges from 125
Hz to 4,000 Hz which is the focus of this research. An additional sensitivity analysis discussed in Appendix
B investigates the objective space when STC incorporates a frequency range from 100 Hz to 4,000 Hz.
Impact Insulation Class and floor vibrations are outside the scope of this research project; the acoustic
model focuses only on airborne sound. In addition, there is assumed that there is no acoustic flanking from

the shaped concrete slab.

Table 3-3: Acoustic parameter and assumption values.

Acoustic Parameter / Assumption Sl Value English Value
Density of Air (po) 1.29 kg/m3 0.081 Ib/ft3
Speed of Sound of Air (o) 343 m/s 1,130 ft/s
Angle of Incidence (@) 45° 45°
One-Third Center Octave Frequency Range 63 Hz to 63 Hz to 8,000 Hz
8,000 Hz
Sound Transmission Class One-Third Center 125 Hz to 125 Hz to 4,000 Hz
Octave Frequency Range 4,000 Hz

3.2 The structural model
The structural model was based on concrete slab checks necessary for the structural design of a

one-way concrete slab system. This structural model utilized the American Concrete Institute (ACI) 318-

19 structural concrete design code for the structural checks (ACI Committee 318, 2019). The structural
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methodology shown in Figure 3-6 consists of the following steps: (1) determine the structural material
properties and the factored loads on the concrete slab; (2) determine the ACI ductility requirements in the
concrete slab; (3) conduct the structural analysis by calculating the flexural and shear capacities; and (4)
check ACI design requirements.

Determine Structural Material Properties ‘

Y
Determine Factored Loads

w,=1.2L + 1.6D (LRFD Combo 2)
Find M, V,

r
Determine ACI Ductility Requirements

Max and min design reinforcement ratios

Conduct Structural Analysis

Cut slab into analysis sections
Estimate the steel reinforcement area
Check flexural capacity (M, < ®M )
Check shear capacity (V, <V + V)

Y
Check ACI Design Requirements
Floor slab thickness

Effective flange width
Clear cover

Figure 3-6: Structural model methodology.

The structural material properties are noted in Section 3.1. The structural model incorporated both
the self-weight of the slab and a uniform live load. The slab is then sliced in ten sections and applied at
tenths along the length of the slab as shown in Figure 3-7. To conduct the structural analysis of the concrete
slab, the slab was cut into longitudinal sections by the number of ribs. Therefore, the analysis was conducted
on a rib of the slab, including both the top slab and the shaped rib. The single rib was cut into cross-sections
to interpolate the necessary structural forces to meet the structural requirements. Due to the longitudinal
curvature of the shaped rib, it was important to take many cuts across the rib from one end to the center of
the rib. But since there is symmetry from rib end to end, only half of the cross sections were necessary to

perform the structural evaluations.
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Figure 3-7: Structural analysis of a concrete rib section (adapted from Ismail, 2019).

Once the slab was sectioned into a top slab and one rib section, then cross sections were taken
across the front of the slab. The cross sections were then used to find the applied structural forces at each
slice. The structural strength and design checks were evaluated for these cross sections. Since the cross
sections can vary across the length of the slab, it is imperative to have a minimum of eight slices to fully

evaluate the structural performance.
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3.2.1 Structural strength checks

The structural analysis conducted four strength checks on the structural cross sections to ensure
structural integrity in accordance with U.S. structural concrete code, ACI-318. The structural strength
checks include minimum ductility, maximum ductility, moment capacity, and shear capacity. If the shaped
concrete slab failed any of the strength checks, then the slab did not meet the ACI-318 strength requirements
and is not structurally qualified as a design solution. The shaped concrete slabs were analyzed for one-way
behavior. Therefore, the structural strength checks were conducted for a one-way concrete slab. In addition,
these members are analyzed rectilinearly and not with t-beam behavior.

The steel reinforcement in the concrete slab must be sufficient to meet the minimum reinforcement
requirement, yet not be overdesigned. ACI-18 specifies Equations 3-1 and 3-2 in metric units to find these
reinforcement bounds. The reinforcement ratios are based on the concrete compressive strength and steel
yield strength, f°c and fy. Structural concrete is known for having high compressive strength but low tensile
strength. The ductility minimum and maximum ensure that the steel reinforcement yields as designed and

that there is enough tension force in the concrete element.

0.25 |f!
Pmin = larger of f\F, % (Equation 3-1)
y y
Pmax = 0.3;y9fc (Equation 3-2)

It was found that estimating the longitudinal steel reinforcement in the concrete slab from the
maximum moment was not meeting the minimum steel reinforcement requirement for the slab in the model.
On a larger scale, the amount of designs in the design space that passed the steel reinforcement requirements
based on the maximum moment was around 20%. This failure is because the minimum reinforcement was
driven by the geometry of the concrete element. Therefore, an estimation of the steel reinforcement was
included in the model as seen in Figure 3-8. The steel reinforcement estimation is based on the minimum
reinforcement required by ACI-318 and rib geometry. Once the rib geometry is known, the distance from
the top of the slab to the center of the reinforcement and effective web width is estimated. Once these
estimates are obtained, a list of steel reinforcement areas are taken and divided by byd to obtain the ductility
for each rebar size. The minimum ductility is calculated and subtracted from the provided ductility for each
rebar size. The list was then evaluated to determine the first positive number, which corresponded to passing
the minimum ductility check. Negative results of the provided ductility minus the minimum required
ductility were removed from consideration for steel reinforcement sizing. Implementation of the steel

reinforcement estimator doubled the amount of designs that were structurally qualified in the design space.
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Figure 3-8: Estimation of steel reinforcement methodology.

Since the geometry is unique to each design, the procedure to estimate the steel reinforcement
accounts for several geometric variables to find the closest estimation of steel reinforcement needed for the
slab design. The steel reinforcement sizes range from a single #3 bar to #11 bar (shown in Table 3-4) and
double #8, #9, #10, and #11 bars.
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Table 3-4: Steel reinforcement sizes.

Steel Reinforcement S| Diameter English Sl Area English Area
(U.S. Bar Size) Diameter
#3 Bar 9.53 mm 0.3751n 71 mm? 0.11in?
#4 Bar 12.7 mm 0.500 in 129 mm? 0.20in?
#5 Bar 15.9 mm 0.625 in 200 mm? 0.31in?
#6 Bar 19.1 mm 0.750 in 284 mm? 0.44in?
#7 Bar 22.2 mm 0.875in 387 mm? 0.60in?
#8 Bar 25.4 mm 1.000 in 509 mm? 0.79in?
#9 Bar 28.7 mm 1.125in 645 mm? 1.00in?
#10 Bar 32.3 mm 1.250 in 819 mm? 1.27in?
#11 Bar 35.8 mm 1.375in 1006 mm? 1.56 in?

This approach introduces several limitations. In addition to the clear cover check that is detailed
below, any slab design with double reinforcement must fit in the rib portion of the concrete slab. The ribs
in these designs must be deep enough to support minimum cover, the diameter of both bars, and clear cover
between the bars. Another limitation is that even though the steel reinforcement will meet the required steel
minimum, it does not guarantee that the steel size will pass the steel maximum check. Due to the necessity
for a quick estimation of steel reinforcement and behavior of optimization algorithms, the steel sizing
estimator may simplify the steel reinforcement size required and may not suit the slab design. As a result,
slab designs that are designed with an overestimation of steel reinforcement will be structurally unqualified
in the objective space, even if a smaller steel reinforcement size would qualify the design structurally.

The limitations regarding structural reinforcement suggests the need for interaction between the
computer model and the designer. Despite the model’s rapid calculation of many designs, it overlooks
solutions that designers could be able to work in a typical concrete slab design. Steel reinforcement is often
an iterative process in concrete design and is often one of the last steps in the calculation of a concrete slab.
Since the steel reinforcement is necessary to evaluate the structural checks and evaluate acoustic
performance, the steel reinforcement does not re-iterate.

Once the steel reinforcement sizing is selected, the amount of compression and tension forces can
be found as seen in Figure 3-9. The amount of compression in the concrete is balanced with the amount of
tension in the steel reinforcement at a set distance apart, creating a couple in the concrete section. The

compression area, which is known as the Whitney stress block, is dependent on the compressive strength
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of the concrete, the geometry of the concrete, and the maximum strain that the concrete and steel could
experience. The tension force is simply determined by the steel reinforcement area and the steel
reinforcement yield strength.

g, =0.003 (ACI22.22.1)

¢ =(0.003/0.008) d For 28 < fc <55
=0.375d a=B,c=0375B,d B, = 0.85- {(0.05 * (fc -28)) I 7)
cl a <1——C=p,fcab=0375p, fchd

Maoment Arm, z

~~~~~ ——» T=0.375B,fcbd = Af,

Figure 3-9: Visualization of a Whitney stress block to find the compression and tension forces.

The design steel reinforcement can also be estimated empirically using Equation 3-3 and placed at
the bottom of the concrete slab ribs as seen in Figure 3-10. In this procedure, the moment capacity has
determined from the factored loading. In addition, the design reinforcement was compared to the maximum
and minimum reinforcement area limits (Equations 3-4 and 3-5), based on the maximum and minimum
reinforcement ratios previously found. Then, the distance from the top of the rib to the bottom of the
compression block, a, was found (Equation 3-6). This calculation provides the final iteration of the area of
steel reinforcement needed for the design (Equation 3-7) which is used to find the design ductility ratio

(Equation 3-8) which is compared to the ductility bounds previously found.

My

A = o (Equation 3-3)

Agmin = larger of O'Z;yﬁ b,d, ;—: b,d (Equation 3-4)
Agmax = 0.319 (%) bd (Equation 3-5)

a= 0_255];fc,b (Equation 3-6)

s = ﬁ (Equation 3-7)

p= b‘jvs - (Equation 3-8)
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Figure 3-10: General locations of the area of steel reinforcement and concrete area acting in compression
(adapted from Ismail, 2019).

The traditional framework of estimating the steel reinforcement ratio based on the factored moment
has limits for complex concrete structures. For standard concrete elements, the depth and effective web
width are easily identifiable. Yet for shaped structures, this process is less intuitive causing underestimates
of steel reinforcement. Another limitation is that the steel area estimate incorporates a rectilinear area of
the slab that acts in compression. For shaped concrete slabs, a curved area acts in compression. These
differences resulted in a new methodology for estimating the steel reinforcement ratio that is based on the
shaped slab’s geometric features as previously discussed. This methodology was important as it provided
better steel reinforcement sizes for the shaped concrete slab designs, which provided accurate results for
the ductility and flexural strength checks.

A flexural check was performed next to evaluate if the concrete slab is adequate for bending given
the loading. The flexural capacity is determined using the steel reinforcement area previously found and
the distance from the center of the compression block to the center of the steel reinforcement (Equation 3-
9). After the moment capacity was determined, the percent error that the slab was overdesigned or under-
designed was found. If the shaped slab was found to be under-designed for moment, then the shaped slab

was classified as a structurally unqualified design in the model.

M, = Af, (d — %) (Equation 3-9)

Lastly, a shear check was conducted to ensure that the concrete slab is adequate for shear. Similarly,
to the flexural check, the shear was determined from the amount of shear resisted in the concrete and the
shear reinforcement. The shear reinforcement differs from the flexural reinforcement previously discussed,
as shear reinforcement in concrete slabs typically does not control for the design of the slab. For this model,
#3 steel stirrups at 0.300 meters were selected for the shear reinforcement and were held constant for every
model. The size and spacing of the steel stirrups were selected based on common practice. After the concrete
and steel contributions to the shear capacity were found, the shaped concrete slab’s total shear capacity was
calculated and compared to the factored shear (Equation 3-10). A percent error is calculated, informing how
much the design was overdesigned or under-designed. Again, if the shaped slab was found to be under-

designed for shear, then the shaped slab was classified as a structurally unqualified design in the model.
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V, =V, +V, =0.167/f/b,d + (Equation 3-10)

3.2.2 Structural design checks

In addition to the structural strength checks, the structural model will evaluate the concrete slab
design based on several ACI-318 design checks. The design checks are based on geometric requirements
that the concrete structure must have to be adequate for concrete design. These checks include confirming
the minimum top slab thickness, effective flange width, and minimum clear cover. These design
recommendations are important to ensure the structural integrity and serviceability of the concrete slab.

The top slab thickness ensures that the slab is deep enough to maintain structural integrity. The
max slab thickness was determined from the top of the slab to the bottom of the rib (h in Figure 3-10) for
shaped concrete slabs. If the slab met the threshold from Equation 3-11, then the slab passed the design
check. In addition to checking the maximum slab thickness from the top of the slab to the bottom of the rib,
an additional check was established to ensure that the top slab was no less than 0.080 meters (roughly 3
inches). This was determined to provide enough structural compressive strength at the top of the slab, ensure

structural integrity, and slab constructability.
Slab Thickness > i (Equation 3-11)

The effective flange width is based on ACI-318 recommendations. The effective flange width was
calculated from the width of the concrete rib and the spacing of the concrete ribs. If the spacing of the
concrete slab was too wide, then the slab would fail the flange width check.

The minimum clear cover is the final structural design requirement. Since the rib cross section
changes throughout the length of the slab, the clear cover check is vital to ensure that steel reinforcement
is continuous throughout the length of the rib as it provides flexural resistance. This is critical where the
moment is greatest: in the middle of the slab. This is checked by using the geometry of the design space. A
clear cover of 38 millimeters or 1.5” is used from the bottom of the rib as shown in Figure 3-11. Then the
steel reinforcement area is generated into a geometric circle. If the geometric circle is confounded within
the rib cross section across the whole length of the rib while maintaining the clear cover, then the design

passes the structural design check. Otherwise, the design is classified as a structurally unqualified design.
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Figure 3-11: Clear cover check.

After all the structural strength and design checks are performed on the shaped concrete slab, it is
determined if the slab is a structurally qualified design in accordance to ACI-318 structural concrete
requirements. However, to be considered a fully qualified design, the structurally qualified designs need to

also have adequate acoustic performance.

3.3 The acoustic model

To investigate the acoustic characteristic of transmission through the shaped concrete slabs, the
following methodology is used. Figure 3-12 displays the acoustic methodology which takes the slab
geometry generated from the geometric variables along with the longitudinal steel reinforcement size found

in the structural model and uses acoustic formulas to determine the acoustic performance of the structure.
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Figure 3-12: Acoustic methodology.

Two acoustic models were developed to investigate how the structural concrete slab geometry
impacts the transmission loss (TL). In the low-resolution model using the acoustic concept of mass law,
only the structure’s mass density influenced the TL. However, in a medium resolution model utilizing an
analytical approach to calculate the transmission coefficient, the structure’s mass density and stiffness
impacts the TL. Specifically, the shaped slab’s geometry has the greatest impact on the TL. This comparison
is necessary as the low-resolution model cannot differentiate between slabs with the same mass, while the
medium resolution model can. A comparison between the two models distinguishes that the infinite panel
model is more appropriate for early design optimization and exploration, in which a fast and accurate
evaluation is sought compared to utilizing finite element simulations that can be used later in the design
process to refine the design. Again, this research does not incorporate structural-borne forces such as
footfall or mechanical vibrations through the structure.

The acoustic analysis is performed similarly to the structural analysis. A cut across the shaped slab
is taken that includes both the top slab and rib. This cut is sliced into cross sections, similar to the structural
analysis, but the cross sections are divided into the top slab cross section and rib cross section as shown in

Figure 3-13. The cross sections are divided as such because the top slab and rib have different contributions
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to the stiffness of the structure, and therefore different contributions to the acoustic performance of the slab.

Both the top slab and rib sections are analyzed simultaneously in the acoustic model.

Shaped Concrete Slab
Cut to analyze rib section

Acoustic Environment
Rib section analysis

Incident Sound
In source room

Transmitted Sound
In receiver room

Rib Cross Sections
To find stiffness

Top Slab Section
Impacts stiffness

Rib Section
Impacts stifiness

Figure 3-13: Acoustic analysis of a concrete rib section.

The cross sections found are then used in the evaluation of the slab’s acoustic performance, but
only for the analytical transmission model. Mass law is only dependent on the frequency range for analysis
and the slab’s average mass density.

The frequency range and resolution are critical in the evaluation of acoustic performance. A
frequency range from 63 Hz to 8,000 Hz is investigated at 1 Hz intervals. The frequency range is then
applied to both mass law and the analytical transmission model to obtain transmission coefficient values at
each frequency as indicated in the methodology shown in Figure 3-14. Before obtaining the transmission
loss value, the transmission coefficients are binned and averaged according to the one-third octave band
frequency limits. Averaging across the one-third octave bands gives averaged transmission coefficients

before using the logarithmic equation to obtain the transmission loss values. Binning and averaging at one-
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third octave bands is also important for STC calculation, as the metric requires transmission loss values at
one-third octave bands. Therefore, this frequency range and resolution provides a more accurate STC

calculation.

Specify Frequency Range to
Investigate (63 Hz to 8,000 Hz)

Investigate frequency
range at 1 Hz intervals

Determine 1/3 octave
center frequencies

Define 1/3 octave band
frequency limits

ettt 1
\_’: Lower limit: / 2" 1

 Upper limit: x 21

For Each 1 Hz Spacing, Calculale:|

Wavenumber and the
transmission coefficient

Group Each 1 Hz Frequency *
Transmission Coefficient into 1/3
Octave Bands

Sum Up the Transmission Coeffi-
cients In Each 1/3 Octave Bands
and Divide By Band Width

Obtain the Transmission Loss at
Each 1/3 Octave Frequency

Calculate the Sound Transmission
Class from 125 Hz to 4,000 Hz

Figure 3-14: Frequency range and resolution methodology.

3.3.1 Low-resolution acoustic model

The mass law refers to a simple equation that approximates the structure’s transmission loss as a
function of the structure’s mass (Long, 2014). This relationship is dependent on the mass density of the
structure and the frequency range of the sound source (Equation 3-12). Specifically, incident mass law
incorporates a constant that accounts for the angle of incidence, on which the calculation of the transmission
coefficient is dependent. Mass law is measured in decibels and provides a general indication of acoustic
behavior below the coincidence frequency. Yet, the mass law equation cannot differentiate between designs

of equal mass but different slab geometry.
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TLy, = 20log(mf) — 42 (Equation 3-12)

3.3.2 Medium-resolution acoustic model

The analytical model finds the transmission loss of a structure by calculating a transmission
coefficient for the structure as if it were an infinite panel. It is based on wave physics and the continuity of
normal velocity between the structure and air. The transmission coefficient accounts for more than the
structure’s mass, as it also incorporates the structure’s flexural rigidity, or stiffness, as seen in Equation 3-
13 (Blackstock, 2000). The transmission coefficient (Equation 3-14) is dependent on both the frequency
and angle of incidence of the sound source. It also incorporates other room acoustic properties that are
assumed in the mass law coefficient. After obtaining the transmission coefficient, the TL values can be

found using Equation 3-15.

Eh} Estiffener Istiffener E .
= uation 3-13
12(1-v?) + Astiffener ( g )
(22000)2
,w) = o Equation 3-14
e, CEE0n (@) (kosing))?+(wm—(Q) (Kosing)*)? (Eq )

TL =10log G) (Equation 3-15)

Even with the increased accuracy of the analytical transmission model, another question arises:
how can the acoustic performance be characterized by a single number if the TL is dependent on a
frequency range? An acoustic metric called sound transmission class is introduced below that addresses

this question.

3.3.3 Sound Transmission Class

As discussed in Chapter 2, the metric of sound transmission class (STC) was used to quantify the
acoustic performance of a component using a single integer (Long, 2014). Despite the simplification of the
acoustic model, STC is a good acoustic metric for optimization. This is due to how acoustic performance
can be simplified to one number that attempts to quantify the overall performance, rather than the
transmission loss for a single frequency.

The International Building Code (2018) and many local residential building codes require a
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minimum of STC-50 for structures within buildings. So, to be classified as an acoustically qualified design
in the model, the shaped concrete slab must satisfy all structural strength and design checks and have an
STC-50 rating or higher.

3.4 Implementing optimization in the model

With both the acoustically qualified and structurally qualified designs now identified, the fully
qualified designs are found, which are the designs that are both acoustically and structurally qualified. Once
the fully qualified designs are identified in the model, three design space exploration techniques were used
in sequence to investigate trade-offs between structural and acoustic performance.

Figure 3-15 displays the three ways in which the design space is explored; Latin Hypercube
Sampling (LHS), multi-objective optimization (MOO), and constrained optimization. The three techniques
are independent of each other; however, the order of the design space exploration techniques increases in
resolution towards the best shaped slab designs. Although the techniques have varying resolutions, each

technique provides distinctive results in the design space.

Latin Hypercube Sample the Design Space
Map the Samples on the Objective Space

Increasing Design Space Conduct MUlti-ObjeCtiVG Optlmlzatlon

Exploration Resolution Using NSGA-II, explore the extent of the
Pareto front in the objective space

Conduct Constrained Optimization

Y Using Cobyla, identify the best slab
designs at each of the four acoustic
performance levels

Figure 3-15: Three approaches to determine optimal concrete slab geometries.

Latin Hypercube Sampling of the design space provided useful information when initially
exploring the design space (Mckay et al., 1979). LHS did not select a completely random sample but
evaluated samples that had varying geometric differences to ensure that the full extent of the design space

was sampled. LHS selects a large population of the possible designs, which are then evaluated for
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performance and mapped onto a bi-objective plot, which is a visualization of the objective space. The
sampled objective space is insightful as it can indicate trends in the design space that can be explored with
further evaluation of the objectives. In addition, LHS shows the general trends within the design space that
is not biased towards the best designs. Sampling also can suggest a Pareto front, or the designs that have
the best objective performances. However, sampling does not necessarily converge on a high-resolution
Pareto front, as it near randomly evaluates designs. The results of sampling the shaped concrete slab design
space are discussed in Chapter 4.

For multi-objective optimization, an evolutionary genetic algorithm called NSGA-II was used to
explore the design space (Deb et al., 2002). A set population and generation size were specified so that the
algorithm could create design mutations within the parametric model that had the best objective
performance. Therefore, the Pareto front was obtained, as the later generation of NSGA-II converged on
some of the best designs. Unlike LHS, MOO does not show general design space trends as the designs are
biased towards the better performing designs. This is advantageous though, as trends can be found for the
best performing designs. MOQ results are discussed in Section 5.1. One goal of the research was to compare
the resolution of a Pareto front approximation from the first two methods, which indicates the effectiveness
of each method for future, higher resolution exploration.

Constrained optimization is another optimization method which identifies the best performing
designs based on several constraints. A single objective is specified to be optimized while constraining the
other objective and any other constraints using a gradient-free algorithm called COBYLA (Brownlee &
Wright, 2015). An advantage that constrained optimization, using COBYLA, has over MOO is that each
constraint is evaluated individually instead of amalgamated as a single penalty function for each unique
geometric permutation. This thesis conducts constrained optimization runs that minimize structural material
subject to a specific STC level, structural checks, and any other constraints. The advantage of constrained
optimization is that it is likely to find a more structurally efficient design at a specific STC level than a
MOO algorithm. However, a single constrained optimization run requires considerable computation to
converge to only one shaped slab design, and thus it is more difficult to identify a smooth, full Pareto front.
There is thus a tradeoff between finding best designs versus general trends between MOQO and constrained
optimization, which is revealed in the results sections. Therefore, general trends within the design space
cannot be obtained when using constrained optimization. Constrained optimization is discussed in Section
5.2.

An important practical consideration with these computational techniques is that they should be

well suited for the timescale that the designer and engineer have. For the early design explorations in this
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thesis, many different optimization runs were conducted while adjusting the design space, determining the
sensitivity of various parameters, and comparing the merits of optimization approaches. The approach of
rapid, iterative optimization runs stems from the main research questions, which include evaluating the
nature of performance tradeoffs in addition to identifying potentially high-performance designs. Chapters
4 and 5 thus contain several final datasets that summarize the overall findings.

While specific optimization settings are explained in these results chapters, details about the
computational environment are provided here. The Latin Hypercube Sampling simulations were conducted
at a resolution of n = 5,000 on a desktop computer with an Intel® Core™ i7-7700 CPU @ 3.60GHz
processor and 8.00 GB of RAM. In this environment, each iteration took approximately 562 minutes, for
an overall time of 9.37 hours. For multi-objective optimization results, NSGA-I1 was run with a population
of 100 and a fixed generation of 50. This was intentionally chosen to approximate the computation time for
sampling, in order to compare the relative merits of each method. For the constrained optimization runs,
convergence criteria such as STC rating and structural strength checks were established, rather than a fixed
generation size. Constrained optimization would then converge to the smallest structural mass obtainable
while maintaining all constraints. As such, there was significant variability in the length of each run.
However, they generally converged to the results in approximately 40 minutes.

The exploration of the design space is insightful as it determines the best design solutions for
structural-acoustic building requirements. The best shaped concrete slab designs are also compared to other
floor constructions with known acoustic performances to put the shaped concrete slabs into context with

floors used in residential buildings.
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Chapter 4

Investigation into the Design Space of Curved Shaped Slabs

Sampling the design space is the first step to exploring the design space model. This chapter
contains multiple visualizations of both the design and objective spaces in coordination with images of the
designs themselves, which reveal relationships among both variables and objectives. For this research, the
designs are plotted in accordance to their performance of the two objective functions, which are structural
mass and sound transmission class. The objective space shows trade-offs between the objectives that
indicate how the designs perform on both objectives. In these plots, the non-dominated designs are often
highlighted, which represent a low-resolution Pareto front approximation that is refined in the next chapter.
However, this chapter presents a fully qualified objective space along with discussion and takeaways across

the entire design space.

4.1 Initial sampling of the design space

The design space was created using a combination of nine geometric variables and a collection of
parameters and assumptions used in the model described in Chapter 3. The bottom side of the concrete slabs
were being shaped to meaningfully redistribute the mass to create satisfactory acoustic conditions while
reducing the total mass of the slab. The design space was first explored using Latin Hypercube Sampling
(LHS) at a resolution of 5,000 designs. In the design space, each data point represents a shaped concrete
slab. Figure 4-1 displays a representative 20 shaped concrete slab designs that were evaluated through
design space sampling. As discussed in Section 3.1, the slabs are shaped with curved tapers to reduce
excessive structural mass. The shaped slabs were plotted within the design space. However, since LHS was
used, there were no visible trends between any variables in the design space of all designs. A 3-dimensional
scatterplot is provided in Figure 4-2, emphasizing three main variables: slab thickness, rib number, and rib
depth. This shows the wide variety of shaped slab designs in the design space for three geometric variables.
Figure 4-2 also shows the designs with the largest amount of structural mass, as the plot moves from designs

with less structural mass (light color) to designs with more structural mass (dark color).
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Figure 4-2: 3-Dimensional design space scatterplot of three geometric variables: rib number, top slab

thickness, and rib thickness colored by structural mass.
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These sampled designs were then mapped onto the objective space, as shown in Figure 4-3. As
mentioned in Chapter 3, the designs were plotted using the two different acoustic models; mass law, a low-
resolution acoustic model, and the analytical transmission model, a medium-resolution acoustic model that
accounts for mass, stiffness, and damping of an infinite panel. The purpose of having the acoustic models
compared to each other is to identify how well the acoustic models estimate of the slab’s acoustic
performance using LHS. The designs are banded horizontally as the STC rating is always a whole number.
The x-axis quantifies the slab’s structural mass while the y-axis quantifies sound transmission class. It
should be noted that STC is plotted with an inverted y-axis to visually show that minimizing the two
objective functions results in the best performing designs. It should be noted that Appendix A provides

calculation checks to confirm the results found from LHS.
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Figure 4-3: Comparison of the acoustic models in the objective space.

The comparison between the two acoustic models shows that in general, the mass law estimates a
higher STC for the slab design than the analytical transmission model. This is intuitive because mass law
does not account for stiffness, and the resulting coincidence dip that occurs in structures. To further assess
how the simulations quantify the acoustic models in an optimization framework, a case study of three
different slabs is conducted. Figure 4-4 shows the slabs’ objective performance compared to the entire

design space. It is important to note that the analytical transmission model does predict higher STC values
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for slabs with a structural mass of 30,000 kg or higher. These higher values result from the STC metric

failing to capture the slab’s low coincidence frequency. This is discussed further in Section 4.3.
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Figure 4-4: Case study designs’ performance for both acoustic models.

As can be seen in Figure 4-5, the three slabs vary greatly in geometry. Slab design 1 resembles a
flat slab with many small ribs. Slab design 2 has four defined ribs. Slab design 3 has six deep, curvy ribs.
Despite the geometric differences, the three slabs have the same structural mass when steel reinforcement
was included. The mass law, as mentioned in Section 3.2, is dependent solely on a structure’s mass. Even
though mass law provides for a quick estimation of the acoustic evaluation, there are major limitations to
relying solely on slab’s density. To provide more context on the geometric differences between the two
acoustic models, the STC for both models is calculated. The results of the slab comparison can be seen in
Table 4-1.
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Figure 4-5: Mass law versus analytical transmission model case study slab designs.
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Table 4-1: STC comparisons between mass law and analytical transmission model.

Slab Design Mass Density | Mass Law STC = Analytical Model STC

Slab Design 1 780 kg/m? STC-74 STC-55
Slab Design 2 777 kg/m? STC-74 STC-53
Slab Design 3 778 kg/m?® STC-74 STC-49

The inclusion of geometric differences, structural characteristics, and acoustic parameters have a
large impact on the TL values obtained. As discussed in Section 2.3, a structure’s mass density, stiffness,
and damping impact the location of the coincidence region when evaluating frequency versus TL. Figure
4-6 shows that the analytical transmission model is able to account for the coincidence region and decipher
where the coincidence dip occurs. The inclusion of the coincidence dip causes a decrease in STC, but

provides a more accurate acoustic performance measurement.
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Figure 4-6: Comparison of one-third octave band frequency TL values for the acoustic models with a 45

degree angle of incidence.

As a result, the analytical transmission model is the acoustic model moving forward in the
remainder of the research. Figure 4-7 shows the objective space using the analytical transmission model.
The utopia point, identifying the ideal design with the minimum structural mass and highest STC, is also
provided on the plot. In general, the best slab designs have the closest objective performances to the utopia
point, although this can change slightly depending on priorities between the objectives. LHS only suggests
the best shaped slab designs, but the optimization techniques discussed in Chapter 5 find higher performing

shaped slab designs for specific requirements.
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Figure 4-7: The objective space using the analytical transmission model.

Figure 4-7, which shows only the analytical transmission model, indicates broad structural-acoustic
trends. The first is that as structural mass increases, STC increases. The designs between STC-40 and STC-
55 show this relationship clearly. The relationship is generally logarithmic, which is intuitive due to the
relationship between transmission coefficient and TL. Above STC-55, the relationship between structural
mass and STC dramatically changes as considerably larger STC ratings become possible. The increase in
STC rating in this area of the objective space is due to the metric failing to account for low coincidence
regions. This trend is discussed further in Section 4.3.

To understand the structural-acoustic trade-offs, the objective space must be filtered to identify the
slab designs that meet all structural strength and design checks while meeting the minimum acoustic
building requirements. These fully qualifying designs will be further investigated, including structural-

acoustic trade-offs and variable-objective trade-offs.

4.2 Assessment of structurally qualified designs

To implement the shaped concrete slabs in the building’s structural system, structural concrete

checks must be performed on the slab. ACI-318 structural concrete code was implemented for the structural



checks, investigating both the strength and design checks of a concrete slab. If a slab design did not meet
all structural strength and design checks, the slab would be structurally unqualified for building design. The
structural strength checks consist of ductility requirements, moment capacity, and shear capacity. As
discussed in Section 3.2, these checks are based on the moment and shear demand caused from the area
load and slab self-weight. The steel reinforcement was estimated based on the slab’s geometry and the
strength capacities were determined. The strength design checks consist of minimum slab thickness,
effective flange width, and clear cover checks. These checks are based on the shaped slab’s geometry.
After all the structural strength and design checks have been calculated, a post-processing script
identified the slabs that were structurally unqualified in the objective space. Around 40% of the shaped
concrete slabs were structurally qualified. Figure 4-8 below shows the results of removing the structurally

unqualified slab designs.

40 -

@ ED

o s Goms 3
% 45 ] CEOETEETER @ @
m ]
O 50- o
I 55 1 o 260’ 0%
[¥2] { § 1] L ] a0 & ©
é [ ] ® .. .. L ] e ®

60 - e e ®
g [ 1 ] .ozu.. e & r
0 eI e 0 @ [ ]
E 65 o ome somm o ®ee
= ®  se e cusw s
o 1. TR
U% 75 4 Str. Unqualified Designs ] ° .
s Str. Qualified Designs

80

10000 20000 30000 40000 50000
Structural Mass (kg)

Figure 4-8: Comparison of the structurally qualified and unqualified designs in the objective space.

After the structurally qualified designs were identified, an investigation of the longitudinal steel
reinforcing for the concrete slabs was conducted. This was to see if there were any visual trends in the
sizing of steel reinforcement sizes as it relates to structural mass and STC. The reinforcement sizes ranged
from #3 to #11 bars. Due to the amount of rebar sizes, Figure 4-9 groups the steel reinforcement into three
rebar size clusters: #5 to #7, #8 and #9, and #10 and #11 bars. It should be noted that no shaped slab was
designed with a #3 or #4 steel bar.

60



40 -

e
N 45 - -
(%] (OIS 0 0 ¢
© e e
O 50 - o Srmm— :
e ————
g gy
9 551 R A
%] ] [ 3 [ [
h (1] ® ®_ o
— . * oo
< 60 - * .
8 (1] o’n
8 o5 PR P N
= M d s
-8 70 4 e o 0 Bes ame *
8 e  #5, #6, #7 Bar - 2'.3. ,,':'.“. R
A 75 #8, #9 Bar .
e #10, #11 Bar
80 1 1 1 1 1
10000 20000 30000 40000 50000

Structural Mass (kg)

Figure 4-9: Structurally qualified designs categorized by steel reinforcement sizing.

When categorizing by steel reinforcement size, there are no visible trends from the logarithmic
region from STC-40 to STC-55. Yet above a rating of STC-55, the slab designs with high acoustic
performance and the least amount of structural mass had larger rebar sizes. This may indicate that the better
performing shaped slabs have deeper shaped ribs with enough clear cover for large steel bars. It also
suggests that the largest rebar sizes have the highest potential for low structural mass and high STC in the
LHS objective space.

It should be noted that the steel sizing could be reduced for several sampled designs. A designer
would iterate through steel reinforcement sizes to find the best reinforcement size. However, due to the
complications of the shaped slab geometry, the longitudinal steel reinforcement was automatically
estimated using the methodology detailed in Section 3.2. If a designer interacted with the steel
reinforcement estimator, there may be a more noticeable trend between steel reinforcement and the
objectives.

With the structurally qualified slab designs now identified from Figure 4-8, further investigation of
the acoustic performance is conducted to identify trends in the objective space along with relationships

between objectives and design variables.
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4.3 Objective space subdivided by STC

To further understand the structural-acoustic relationships, the objective space must be evaluated
for acoustic performance. The International Building Code (IBC), requires a minimum rating of STC-50
for satisfactory acoustics within a building (International Building Council, 2018). However, many
acousticians believe that STC-55 or higher should be achieved to provide a better acoustic environment for
its occupants (Long, 2014). It is important to determine the amount of designs that qualify according to the
acoustic requirement.

There are four classifications of acoustic performance for structural elements as indicated in Figure
4-10. Any design below STC-50 does not adhere to IBC and is classified as an acoustically unqualified
design. Structures between STC-50 and STC-54 are adequate for building design code but are largely
recognized as not having desirable acoustics (Long, 2014). Structures between STC-55 and STC-59, are
classified as having acceptable acoustic environments for speech privacy. For higher speech privacy, a
structure should have a STC-60 or higher (Long, 2014). For highest acoustic quality, often desired for high

scale apartments and important commercial or government buildings, a STC-65 or higher is recommended.
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Figure 4-10: Acoustic evaluation of the objective space.

However, as previously mentioned in Section 4.1, there is a region in the objective space where the

acoustic performance greatly increases with a small amount of additional structural mass. To help identify
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the cause of this shape in the objective space, the objective space was clustered by each design’s coincidence
frequency which is displayed in Figure 4-11. The coincidence dip is the visual dip in the TL as discussed
in Section 2.3. Physically, the coincidence frequency occurs when the wavelength in the air matches the
structural wavelength of the slab. At this frequency, the slab acts as an efficient radiator of sound, hence

lowering the structure’s acoustic performance.
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Figure 4-11: The objective space clustered by coincidence frequency.

Figure 4-11 indicates that there are many coincidence frequencies within the objective space
ranging from a one-third octave band frequency from 100 Hz to 400 Hz. It should be noted that the slabs’
coincidence frequency may not be exactly equivalent to the one-third center octave frequency, but within
the one-third octave band bounds; therefore all slab designs are classified by the one-third octave band bin
that the coincidence frequency falls into. The slabs were grouped based on the lowest averaged TL value at
one-third center octave frequencies in Figure 4-11. Yet not all of these slab designs are acoustically
qualified. Figure 4-12 displays the acoustically qualified designs and their respective one-third center

octave coincidence frequency.
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Figure 4-12: Coincidence frequency case study designs’ objective performance in the acoustically qualified

objective space clustered by coincidence frequency.

The coincidence frequency clustering reveals structural-acoustic trends that significantly influence
the overall STC rating. The first takeaway is that as the structural mass increases, the coincidence frequency
decreases. There is some overlap with this, as there are no clear transition points that the coincidence
frequency changes due to structural mass. This relationship is largely due to the structure moving towards
the mass dominant region and away from the coincident region. Similarly, as the coincidence frequency
decreases, the peak STC increases. There is much more variability with this trend, generally as the STC
increases, the frequency in which the coincidence frequency occurs decreases. STC is dependent on the
slab’s geometry, slab’s mass, slab’s stiffness, and the slab’s damping. Since the slab’s damping is held as
a constant throughout this research, so the geometry, mass, and stiffness must be creating this trend. As the
mass of the slab increases, the mass dominates the acoustic equations and controls the transmission seen
through the structure.

The other notable observation is that the region where the acoustic performance increases with little
structural mass increase is mostly grouped by a coincidence frequency of 100 Hz. There are only three
different one-third octave band center coincidence frequencies for the acoustically qualified designs, 100
Hz to 160 Hz. This frequency range keeps with research showing concrete structures to have a range of

coincidence frequencies from 100 Hz to 1,000 Hz (Warnock, 1985). To understand why the acoustically
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qualified designs are being clustered in these three frequencies, a new case study was conducted to
investigate the impact of the coincidence frequency for these heavier structures. Three different slab designs
representing the three different coincidence frequencies are highlighted as shown in Figure 4-12. The 3-
dimensional models of the three slabs can be seen in Figure 4-13.

Slab Design 1 Slab Dasign 2 Slab Design 3

e

Figure 4-13: Coincidence frequency case study slab designs.

STC is only characterized with a frequency range of 125 Hz to 4,000 Hz. Since the coincidence dip
is outside of this frequency region, the STC rating increases dramatically as the metric does not have to
account for the coincidence dip. Figure 4-14 shows that the coincidence dip occurs at the frequencies found
from the script when plotting the structure’s one-third octave center frequency transmission loss values

against one-third octave center frequencies.
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Figure 4-14: One-third octave center band TL versus frequency for three shaped concrete slabs.

Figure 4-14 reveals three regions; a short flat slope, a dip that corresponds to the coincidence region,
and a positive linear relationship when investigating one-third octave center frequencies and one-third
octave TL values. These regions are generated due to the relationship between the slab’s mass and stiffness.
The flat slope and coincidence dip regions are not identical between the three designs as some of the

coincidence dips and flat slopes are slightly jagged. The visible jagged lines are due to the binning of TL
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values at one-third octave center frequencies. STC requires a frequency resolution of one-third octave bands
so the TL values were averaged and binned into one-third octave frequencies for this research.

Figure 4-14 also shows an overlaid STC curve for each slab design. For the frequencies of 160 Hz
and 125 Hz, the STC metric is able to capture the coincidence dip. However, at a frequency of 100 Hz, STC
does not account for this dip, and therefore significantly increases in acoustic performance because the STC
deficiency is outside of the coincidence region. This is a major limitation of STC, as the acoustic metric
only considers the speech frequency range. Since mass and stiffness control the frequency in which the
coincidence frequency occurs, this emphasizes why the analytical transmission model was selected. The
variations in the STC ratings for the case study discussed in Section 4.1 are explained due to variations in
stiffness caused by differences in the shaped slabs’ geometry.

Another observation from Figure 4-14 is that lower coincidence frequency does not always equate
to a higher STC rating. The slab design with a coincidence frequency at the one-third center octave
frequency of 160 Hz has a higher STC rating than the slab design with a coincidence frequency at the one-
third center octave frequency of 125 Hz. One reason is that the two slab designs are close to the one-third
octave center band limit. The second reason is that the first slab design has a flatter coincidence dip between
125 Hz and 160 Hz in comparison to the second slab design with a deeper coincidence dip at 125 Hz. STC
penalizes the deeper coincidence dip, resulting in a lower STC for the second slab design. A flatter
coincidence region reduces the severity of the STC reduction, therefore resulting in a better STC rating in
the first slab design. Appendix B addresses how the sampled objective space would behave when STC
considers a frequency range of 100 Hz to 4,000 Hz.

Despite STC’s limitation to meaningfully capture the coincidence frequency across all shaped
concrete slab designs, the acoustic metric still has value. STC is a measurement describing the amount of
TL in the speech frequency range and is well integrated in the building industry. Although low frequency
sounds from televisions and stereos exist in residential buildings, speech frequency is fully accounted for
in STC. Though the coincidence dip may fall below this range, the slab designs with a coincidence dip
lower than 125 Hz are still accurately quantified according to TL of speech. Therefore, the slab designs in
the knee point are not excluded as acoustically qualified designs. The fully qualified objective space is

shown in the following section.
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4.4 The fully qualified objective space

After early investigation into both the structural and acoustic models, the fully qualified designs
can be determined in the objective space as seen in Figure 4-15. A fully qualified design is defined as a
shaped concrete slab design that passes all ACI-318 structural strength and design requirements and has a
minimum STC-50, as required in the IBC. Therefore, the fully qualified designs are potential structural

floor designs in a building.
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Figure 4-15: The fully qualified objective space.

The original trends are now confirmed in the objective space. As structural mass increases, STC
increases. However, above a STC-55, the acoustic performance increases significantly with little increase
in structural mass. Again, this is due to varying slabs’ coincidence frequency and the frequency range that
STC incorporates within the metric. Further investigations will incorporate optimization algorithms to
determine if the fully qualified objective found from LHS approaches any of the best performing shaped
concrete slabs in the design space.

The fully qualified design space enables further investigation between structural-acoustic trade-
offs. Trends between the geometric variables and the two objectives are analyzed, in addition to other

important characteristics in the model.
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4.5 Relationships between design variables and objectives

The first exploration into the fully qualified design is to assess if there are any visible geometric
trends with the designs. A pair plot is created, as shown in Figure 4-16, pairing each of the geometric
variables against each other. The global x and y axes have the nine geometric variable names, while the
local x and y axes have the bounds for each geometric variable. The main diagonal plots show the
distribution of designs with the geometric variable. The bars in the main diagonal plots correspond to the
occurrence in which the designs have certain geometric features, for example, the number of shaped slabs
with 6 ribs.
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Figure 4-16: Pair plot of the geometric variable distribution for the fully qualified designs obtained by LHS.

Several trends in the design space are revealed. First, larger top slab thicknesses in shaped concrete
slab, tend to increase the trend of full qualification, as they are more likely to pass the structural strength
checks. The second geometric trend is as the mid-depth increases (i.e. shapes into the slab), the less likely
the slab will become qualified. This is also instinctive because of the structural design checks, specifically

the clear cover check. If a short cross section is generated from the model, then it is likely that there is not
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enough vertical distance to provide adequate clear cover. The other variables do not show clear trends, as
their pair plots show equal or binomial distributions.

The next analysis will be conducted between the geometric variables and the objective functions
of structural mass and STC. Each variable was investigated to determine the effect that it had on the primary
objectives of structural mass and STC. Most of the geometric variables did not have a direct relationship
with the two objectives. A summary of the findings can be seen below in Table 4.2.

Table 4-2: Relationships between geometric variables and objectives.

Effect on Objective
Geometric Variable

Structural Mass Sound Transmission Class
Rib Number No Relationship No Relationship
Top Slab Thickness Linear Relationship (+) Non-Linear Relationship (+)
Rib Depth No Relationship Linear Relationship (+)
End Taper 1 No Relationship No Relationship
End Width 1 No Relationship No Relationship
End Taper 2 No Relationship No Relationship
End Width 2 No Relationship No Relationship
Rib Mid-Depth Slight Relationship (+) Slight Relationship (+)
Rib Mid-Width Slight Relationship (+) Slight Relationship (+)

For a majority of the geometric variables, there are no relationships between the geometric variable
and the objectives. That is in part due to how each of the geometric variables have different contributions
to the shaped concrete slab geometry. Rib mid-depth and rib mid-width show slight relationships to
structural mass and STC. That is because as the variables are manipulated, they can increase or decrease
the geometric volume of the concrete slab leading to an impact on structural mass. However, these
observations are small and do not control the design of the shaped slab.

The rib depth has a broad linear relationship with structural mass as indicated in Figure 4-17. As
the rib depth increases, the structural mass generally increases. However, this relationship is not very
defined as structural mass is impacted by other geometric variables, specifically top slab thickness. The rib

depth does not have an apparent relationship with the structural mass when evaluating the sampled designs.
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Figure 4-17: Structural mass versus rib depth for the fully qualified designs found by LHS.

The top slab thickness has an important role in the design of shaped concrete slabs. Top slab
thickness is the only geometric variable directly related to both objectives. There are some important trade-
offs with top slab thickness. The top slab thickness must meet minimum thickness requirements for ACI-
318 design checks, but also be reduced to limit the amount of structural mass the slab has. In addition, STC
is greatly impacted by the top slab thickness. The relationships between top slab thickness and the objectives
can be seen in Figure 4-18. The x-axis displays top slab thickness as it increases in the positive x-direction.
The y axis displays the two objectives.
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Figure 4-18: Slab thickness vs objectives for the fully qualified designs found by LHS.

The relationship between slab thickness and structural mass is generally linear, but there is some
variation as mass can be distributed more significantly in the slap or in the curved ribs. The relationship
between slab thickness and STC is slightly more complex, due to various acoustic phenomena. As the slab
thickness increases, STC logarithmically increases. However, there are a couple of regions that break the

trend shown in Figure 4-18 when slab thickness is around 0.30 m and 0.35m. From a slab thickness of 0.10
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m to 0.30 m, the relationship between slab thickness and STC is a positive logarithmic relationship. Yet
once the slab thickness reaches 0.30 m, there is a small region with equivalent or lower STC ratings. Yet
following this region, the slab thickness and STC relationship increases non-linearly. From a slab thickness
of 0.35 m to 0.40 m, a region exists where slab designs have high STC ratings. This region corresponds to
the region seen in Figure 4-15 and in earlier plots where the slab’s coincidence frequency falls below the
frequency range accounted for by the STC metric. This results in high STC ratings.

Flexural rigidity was also plotted as shown in Figure 4-19 to evaluate how it impacts the analytical
transmission results. Flexural rigidity, or stiffness, contributes to the coincidence region previously
discussed in Chapter 2. It has contributions from both the top slab and the stiffener, or the shaped rib as
seen in Equation 4.1 provided below. Both contributions to the flexural rigidity are impacted by different

variables and properties which contribute to the overall behavior.
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Figure 4-19: Relationship between flexural rigidity and STC for the fully qualified designs found by LHS.

As seen in Figure 4-19, the relationship between flexural rigidity and STC mirrors the relationship
between slab thickness and STC found in Figure 4-18. To further evaluate the relationship between flexural

rigidity and STC, both the top slab’s and rib’s stiffness contributions are investigated. As noted in Equation



4-1, the top slab and rib have different variables that impact the flexural rigidity. That is why the top slab’s

and rib’s stiffness contribution is plotted separately in Figure 4-20.
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Figure 4-20: Comparison of the top slab’s and rib’s contributions to the flexural rigidity.

Figure 4-20 shows that the slab’s flexural rigidity contribution mirrors the relationship of interest.
The plot also shows that the top slab provides more to the flexural rigidity than the rib, as the rib contributes
a smaller fraction of the combined flexural rigidity. The top slab’s contribution to the flexural rigidity is
dependent on the top slab’s modulus of elasticity, Poisson’s ratio, and top slab thickness. Modulus of
elasticity and Poisson’s ratio are both parameters in the model and are held constant. These values can be
found in Table 3-2. Therefore, the top slab’s contribution to flexural rigidity is only dependent on the top
slab thickness, which is a cubic relationship. The cubic relationship between the top slab thickness and the
slab’s contribution to the stiffness can be seen in Figure 4-21 below. Similarly, the top slab thickness has a

cubic relationship with the total flexural rigidity as displayed in Figure 4-22.
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Figure 4-21: Cubic relationship between top slab thickness and the top slab’s contribution to stiffness.
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Figure 4-22: Cubic relationship between top slab thickness and flexural rigidity.
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Because of the cubic relationship in flexural rigidity and the frequency range evaluated by STC, a
region exists that quickly increases in STC rating. This is intuitive because the stiffness impacts the
coincidence region discussed in Section 3.3.2. The non-linear relationship also ties back to Section 4.3, as
the sampled objective space was clustered by coincidence frequency. The fully qualified designs in the
objective space had coincidence frequencies up to 160 Hz, which is close to when the coincidence dip starts
to break down in Figure 4-22. Since STC incorporates the frequency range from 125 Hz to 4,000 Hz, which

includes a portion of the shaped concrete slab’s coincidence region, it is generating this region.

4.6 Discussion

Sampling of the design space reveals several important structural-acoustic trade-offs. While an
increase in structural mass increases the chance for higher acoustic performance, it does not guarantee it.
There are many slab designs with high structural mass but low acoustic performance, depending on how
this material is distributed. While it can be effectively used for estimating transmission loss in other cases,
mass law was not able to distinguish between designs with the same mass density but different geometric
features, and it is thus unable to inform shape at this resolution. The analytical transmission model can
discern performance implications between the slabs due to the incorporation of mass, stiffness, damping,
and other acoustic parameters. While it captures higher resolution relationships, the analytical transmission
model is ideal for a fast but accurate acoustic evaluation.

The type of steel reinforcement showed no clear trend in the objective space from a rating of STC-
40 to STC-55. Above a rating of STC-55, the slab designs with high acoustic performance and the least
amount of structural mass have larger rebar sizes. As discussed previously, the shaped slab’s geometry
provides the estimate for the steel reinforcement sizing. However, the estimate may require future
improvements due to the complications of sizing steel rebar in a shaped slab compared to a rectilinear slab.
This could further the initial finding when clustering the objective space by steel reinforcement size.
Engineering judgement is also relied on in the sizing of steel reinforcement in a concrete slab. Therefore,
this suggests that further into the design phase a designer could manipulate the sizing of the shaped concrete
slab. If the designer had a steel reinforcement size in mind, the designer could iterate through generations
of the design space until a desired shaped concrete slab geometry, structural mass, acoustic performance,
and reinforcement size is achieved. Chapter 5 discusses the iteration of shaped concrete slab generations

using two optimization methods.
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Another important observation is that the acoustic metric of sound transmission class does not fully
capture the structural-acoustic interaction at frequencies below 125 Hz. This means that STC is biased
towards designs with low coincidence frequencies. Then again, the shaped concrete slabs are being
investigated for speech transmission loss. Sounds around 100 Hz are often more associated with structural-
borne sounds such as “thumps” or music with lots of bass. Impact insulation class could be a solution to
investigate structural-borne sounds, however the metric does not evaluate low frequency airborne sound
transmission generated. When STC does incorporate a frequency range to 100 Hz, the region flattens out,
as seen in Appendix B. This suggests that an acoustic metric that provides a full evaluation of airborne
sounds from low to high frequencies may be more gradual.

Sound transmission class smears an important relationship between the structural mass and
stiffness. There is a region that breaks the positive logarithmic trend between stiffness and STC due to the
coincidence region. The coincidence region is not visible on the objective space yet understanding that the
non-linear relationship exists is critical for obtaining a high-performance shaped concrete slab.

The fully qualified objective space found from sampling also suggests where the Pareto front occurs
in the investigation of structural-acoustic trade-offs of shaped concrete slabs as seen in Figure 4-23. The
Pareto front is a collection of the non-dominated slab designs for which one objective cannot be improved
without a decrease in performance for the other. The Pareto front is only suggested in LHS, as the designs
in the objective space may not be the best performing designs. The next chapter details an automated
evolutionary method for approximating the Pareto front in the design space in addition to a gradient method
that converges to the best designs from a set of constraints. Additionally, the best shaped slabs found from

the two methods are found and compared to layered floor constructions.

7



40

45 -

50 .

55

60

65

70

Sound Transmission Class

80

| | I | 1
10000 20000 30000 40000 50000
Structural Mass (kg)

Figure 4-23: The LHS objective space estimate of the Pareto front.
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Chapter 5

Structural-Acoustic Optimization of Curved Shaped Slabs

This chapter discusses two approaches to automatically find the best shaped slab designs in the
design space: multi-objective optimization and constrained optimization. Multi-objective optimization
(MOO) utilized a genetic evolutionary algorithm to progressively approximate the set of non-dominated
designs. The algorithm finds high-performance shaped slabs by mutating through many generations each
with a set population of designs. The Pareto front was investigated to obtain trade-offs between the
geometric variables and the objectives. Constrained optimization utilized a gradient algorithm to find the
best shaped slab designs by minimizing the structural mass while constraining the acoustic objective. The
shaped slab designs with STC-50, STC-55, STC-60, and STC-65 were found. The best shaped slabs found
by constrained optimization outperformed the best shaped slab designs found by MOO. This section thus
also provides a brief discussion of the differences between MOO and constrained optimization and their
relative merits.

After the best shaped slab designs were identified for each acoustic performance level, the shaped
concrete slab designs were compared to non-shaped floor constructions with known good acoustic
performance. The purpose of this comparison was to determine the overall benefits of designing with a

shaped concrete slab.

5.1 Multi-objective optimization

Multi-objective optimization (MOO) was implemented using NSGA-II, a population of 100
designs, and 50 generations. These values were selected based on a common timescale appropriate for a
design simulation in practice. The Pareto front obtained by MOO outperforms the Pareto front suggested
from Latin Hypercube Sampling (LHS), as later generations converge to a higher density, higher
performance Pareto front. The results of MOO produced the bi-objective plot provided in Figure 5-1. The
plot limits match the figures in Chapter 4 for ease of comparison. A white-to-black gradient was applied to
the objective space to illustrate how the more generations that MOO iterated through, the closer MOO

converged on the Pareto front.
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Figure 5-1: Objective space of the MOO results with penalty functions.

MOO was conducted on the two objectives, structural mass and STC, while incorporating the
structural strength and design checks. Instead of coding the algorithm to immediately remove any design
that fails a check, non-linear (except for the clear cover check) penalty functions were generated for each
structural check and added to the overall structural mass. The purpose of the penalty function
implementation was to allow NSGA-II to work through the entire design space — even designs that fail to
converge to the best performing designs that pass all structural and acoustic checks. MOO can also identify
slab designs that fail a structural check by a small margin. This allows the designer to look over these nearly
passable designs to determine if editing a property of the slab design, like the size of steel reinforcement,
deems the design as a fully qualified design.

Since each structural strength check had calculations for the percent error that the design had to
meet, the penalty function for these checks was based on the percent failed for that check (Equation 5-1).
However, the structural design checks needed unique penalty functions due to how the check is conducted.
The minimum top slab thickness penalty function was based on how much the slab thickness fails by
(Equation 5-2). The effective flange width penalty function was determined based on how much the flange
width was short by (Equation 5-3). The clear cover penalty function was calculated according to the number

of cross sections that did not maintain the specified clear cover (Equation 5-4).
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If design failed structural check: Penalty = (% error)3 (Equation 5-1)

3
thickness) (Equation 5-2)

If design failed top slab thickness check: Penalty = (
If design failed flange width check: Penalty = (thicknessreq - thicknesspm,,)3 (Equation 5-3)

If design failed clear cover check: Penalty = (Failed Cross Sections * 1000) (Equation 5-4)

Since the penalty functions were incorporated in the MOO algorithm and applied to the structural
mass objective, a final step was required to filter out designs if they were not fully qualified. Therefore, any
design that had additional structural mass from the penalty function was identified as an unqualified design
at its actual structural mass in Figure 5-2.
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Figure 5-2: The fully qualified designs found by MOO.

Aside from the small cluster of fully qualified designs at low acoustic performance levels, the trends
found in the sampled objective space hold true when using MOO. The genetic evolutionary algorithm did
push the objective space further left; or found the best acoustic performing designs with minimal structural
mass. There was a broad trend that as the structural mass increased, the acoustic performance increased.
There are two regions in which the acoustic performance increases with little increase in structural mass,
from STC-50 to STC-55 and STC-56 to STC-75. There is a wide gap between the best performing designs
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from STC-55 to STC-56, which was investigated by plotting the slab’s one-third octave band coincidence
frequency.

Investigation of the sampled designs’ coincidence frequency shown in Figure 5-3 explained that
the gap occurs in the objective space due to STC’s frequency range of 125 Hz to 4,000 Hz. If the design
has a coincidence dip below 125 Hz, then the coincidence dip was not accounted for by the STC metric.
This explains why the STC rating greatly improves with little increase in structural mass from STC-56 to
STC-75. The gap between STC-55 and STC-56 seems to be due to a shift in coincidence frequency between
100 Hz and 160 Hz, as the gap is characterized by multiple coincidence frequencies. It should be noted that
the TL values for the slabs were calculated at a 1 Hz interval and then binned at one-third octave band
center frequencies.
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Figure 5-3: Investigation of the coincidence frequencies for the MOO designs.

Figure 5-3 shows that the region with the largest increase of acoustic performance with little
increase in structural mass is classified as having coincidence frequencies at 100 Hz and therefore the
coincidence dip is not accounted for by STC, as revealed in Section 4.3. Again, STC does not quantify low
frequency airborne sound, and is therefore not portraying the slabs’ full acoustic performance. The slabs in
the region will have good acoustics for speech transmission, but the objective space suggests that another
acoustic metric that incorporates lower airborne frequencies should be utilized to quantify the acoustic
performance.
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MOO also found that the objective space was characterized by the three one-third octave band
center frequencies found in the LHS objective space; 100 Hz, 125 Hz, and 160 Hz. As mentioned in Section
4.3, there is generally a decrease of coincidence frequency as the structural mass increases. Therefore, the
reverse is true as well; as structural mass decreases, the coincidence frequency increases. However, there
is a region in the MOO objective space that exists between the best performing designs between STC-55
and STC-56 that is categorized by a coincidence frequency of 160 Hz. This appears to break the trend that
as structural mass increases the coincidence frequency decreases; but these slab designs were found to have
coincidence frequencies near the one-third octave band bounds from 125 Hz to 160 Hz. This meant that the
STC rating was slightly higher as the slab design had a coincidence frequency between the one-third octave
bands.

The objective space found by MOO was also investigated by grouping the designs by the
longitudinal steel reinforcement size. Figure 5-4 found similar results from LHS as discussed in Section
4.2. As the bar size increased, the potential for better slab designs with low structural mass and high acoustic
performance increased. The small group of designs between STC-50 and STC-55 are not categorized as
having large steel reinforcement sizes; they were all found to have rebar sizes between #5 to #7 bars. This
hints that the best performing shaped slab designs at low acoustic performance levels have smaller steel

reinforcement compared to the best performing shaped slab designs at high acoustic performance levels.
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Figure 5-4: Investigation of steel reinforcement sizing for the MOO designs.
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After identifying the fully qualified designs and validating the trends seen in the objective space,
the Pareto front was found. The Pareto front identifies the designs that are non-dominated in the objective
space, which are classified with minimizing structural mass while maximizing acoustic performance. The
Pareto front with cross sections for the best performing slabs at STC ratings of 50, 55, 62, and 65 can be
seen in Figure 5-5. The 3-dimensional models of these shaped slabs are shown in Figure 5-6.
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Figure 5-5: Identification of the best shaped concrete slab designs found by MOO at each acoustic
performance level.
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Figure 5-6: 3-Dimensional models of the five shaped concrete slabs from Figure 5-5.
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The 3-dimensional slab design visuals of the best performing designs according to the MOO
simulation, show that as the top slab thickness increases, the acoustic performance increases. This leads to
the question; how do the geometric variables impact objective performance? To address the question, the
geometric variables for the best performing designs found by MOO were investigated against each other as
indicated in Figure 5-7. This was to see if there are any geometric similarities between the best shaped
concrete slabs.
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Figure 5-7: Pair plot of the geometric variable distribution for the best performing slab designs found by
MOO.

In comparison to the pair plot findings from LHS, the pair plot findings of the designs found by
MOO are significant. Figure 5-7 found that there are preferences for most of the geometric variables that
NSGA-II pushed the designs towards. The tendencies shown in Figure 5-7 are listed in Table 5-1 shown

below.

Table 5-1: Geometric variable tendencies in the Pareto front found by MOO.

Geometric Variable Tendency
Rib Number 4 — 6 ribs
Slab Thickness > 0.350 meters
Rib Depth < 0.080 meters or > 0.350 meters
End Width 1 Medium end width
End Taper 1 Low or high end taper
End Width 2 Low or high end width
End Taper 2 Low end taper
Rib Mid-Depth 0.020 — 0.040
Rib Mid-Width > 0.600 meters

A comprehensive discussion regarding how the geometric variables’ impact on the two objectives
can be found in Section 4.5. Figure 5-8 shows the results when investigating the geometric variable of

slab thickness to the two objectives, structural mass and sound transmission class.
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Figure 5-8: Slab thickness versus objectives for the best performing slab designs found by MOO.

The above figure shows that as the structural mass increases, both structural mass and STC increase
for the designs in the Pareto front found by MOO. The relationships are broadly linear except for the
extreme top slab thicknesses. This correlates to the designs in the region of the objective space with high
increase in acoustic performance with low increase in structural mass. Top slab thickness also suggests that
depending on the desired design performance, there is some flexibility in the geometry of the design. One
important observation is that there are gaps in Figure 5-8. This is partially due to the smaller number of
designs that are plotted, as only the best performing shaped slab designs found by MOO were evaluated.
The larger reason is that the gaps relate to specific top slab thickness values as seen in Figure 5-9. Three
slab thickness regions exist when evaluating the best performing shaped slabs; a region around a top slab
thickness of 0.17 m, a second region around a top slab thickness of 0.28 m, and a third region when the top
slab thickness exceeds 0.35 m.
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Figure 5-9: Comparison of the best performing slab designs found by MOO to the fully qualified designs
found by LHS.

In the exploration of the geometric variables in the sampled design space in Section 4.5, it was
noted that there is a region of high acoustic performance at high top slab thickness values. This region was
generated as a result of the structure’s coincidence region being impacted by the top slab thickness. In the
lens of the best performing shaped slabs found by MOO, this result was further validated. Figure 5-10
shows that NSGA-II pushes the best slab designs as far left without significantly reducing the acoustic

performance, as the relationship with coincidence frequency for the MOQ slab designs explains the region.
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Figure 5-10: The best performing slab designs found by MOQ clustered by coincidence frequency for slab
thickness versus STC.

Figure 5-10 shows that the groupings found in Figure 5-9 are explained by the clustering of one-
third octave band center coincidence frequencies. It should be noted that the region with the smallest top
slab thickness has a mix of 125 Hz and 160 Hz one-third octave center band coincidence frequencies; this
is due to how the slabs transition between one-third octave bands. As discussed in Section 4.5, top slab
thickness impacts both objectives. There is a positive linear relationship between top slab thickness and
structural mass, while there is a positive cubic relationship between top slab thickness and flexural rigidity.
Both mass and stiffness impact the coincidence frequency, so the relationships with top slab thickness

should be evident when investigating structural mass against STC and flexural rigidity against STC.
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Figure 5-11: The best performing slab designs found by MOO clustered by coincidence frequency for
structural mass versus STC and flexural rigidity versus STC.

Figure 5-11 shows that the linear and cubic relationships with top slab thickness generally hold true
when investigating structural mass, flexural rigidity, and STC. There are still gaps between the coincidence
frequencies in the plot of flexural rigidity versus STC. As explained in Section 4.3, when the coincidence
dip deepens, the STC decreases significantly. Therefore, when the slab’s coincidence frequency approaches
a one-third octave center frequency, STC decreases.

These plots reveal several questions about the utility of STC for bi-objective optimization and its
ability to capture all airborne sound phenomena in buildings. STC appears to penalize the slab designs with
a coincidence frequency near the one-third octave center frequencies. A higher frequency resolution level
may also level out the gaps identified in Figure 5-11. Appendix B discusses an iteration of MOO when
STC evaluates a frequency range of 100 Hz to 4,000 Hz. The large gap seen in this section is shrunk when
STC evaluates lower frequencies but does converge to a completely gradual Pareto front. Future research
may determine if a different acoustic metric with a broader frequency range and a finer frequency resolution
should be utilized.

Multi-objective optimization using the evolutionary genetic algorithm of NSGA-II has shown to
extend the Pareto front well past the suggested Pareto front found by LHS. These designs are among the
best designs that the model can obtain. However, if there was manual input for certain parts of the design,
such as selecting the steel reinforcement, would there be designs that outperform the designs found by
NSGA-II? Another optimization method, called constrained optimization, will be utilized to find these

designs.
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5.2 Constrained optimization

After conducting multi-objective optimization, constrained optimization was conducted using the
gradient-free algorithm COBYLA, through the Radical component from the Design Space Exploration
plug-in for Grasshopper. Constrained optimization was iterated four times; once for each acoustic level.
These designs are then compared to the best designs found from MOO as seen in Figure 5-12. The 3-
dimensional models of the shaped concrete slab designs obtained by constrained optimization are shown in
Figure 5-13.
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Figure 5-12: Comparison of the best designs found from constrained optimization and multi-objective

optimization.
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Figure 5-13: 3-Dimensional models of the best shaped concrete slabs obtained by constrained optimization.

Figure 5-12 shows that all slab designs obtained using constrained optimization perform better than
the best slab designs obtained from MOO, at least at the resolutions afforded by the objective functions.
The shaped slabs that constrained optimization found at the high acoustic performance levels significantly
outperform the MOO slab designs. A large part of this difference can be explained by the manual selection
of steel reinforcement for each constrained optimization iteration, instead of incorporating the steel sizing
estimate approach based on the slab’s geometry.

The steel reinforcement is estimated based on the minimum reinforcement ratio obtained by the
slab’s geometry and set structural constraints. This has great benefits when evaluating the design space
using LHS and MOO, as the number of designs that pass the structural strength checks regarding the
longitudinal steel reinforcement ratios is significantly higher compared to when LHS and MOO are run
with the longitudinal steel reinforcement size held constant or is based on the largest moment experienced
along the rib’s length. More qualified designs improve design exploration and evaluation of slab’s objective
performance. However, the longitudinal steel reinforcement estimator may be disqualifying potential
sustainable design solutions with an estimated low or high amount of steel reinforcement.

Through several permutations of constrained optimization simulations, the best performing shaped
slabs were found when the steel reinforcement size was constant and not estimated based on the shaped
slab’s geometry. The iterations found shaped slab designs that have strikingly different geometric features,
suggesting that the steel reinforcement ratio was biased against slab designs with these geometries.

Constrained optimization converges towards the shaped slab designs that minimize structural mass while
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maintaining all structural strength and design checks and a set STC rating. These shaped slab designs are
typically controlled by maximum and minimum steel reinforcement ratios and the moment capacity. With
a specified longitudinal steel reinforcement size, the optimization converges towards reducing any
excessive structural material while maintaining all structural requirements; or simply reduce the amount of
structural mass while upholding a specific STC rating without compromising a ductility or flexural check.
This emphasizes the importance of specifying the steel reinforcement size once a desired STC rating is
known, or a specific shaped slab geometry is preferred.

Further research should be conducted to compare the steel reinforcement estimators steel sizing to
structural concrete design software programs. These comparisons would put the steel reinforcement
estimator into context with expectations for a typical concrete slab design. The comparisons could also
suggest how to refine the steel reinforcement sizing estimation. Simulations of LHS and MOO with a more
developed estimator could find shaped slab designs that outperform the best performing shaped slab designs
documented in Sections 4.4 and 5.1, potentially converging towards the shaped slab designs found by
constrained optimization.

Another limitation with MOQO is that there was a set population and generation size for MOO. For
this research, MOO was run using a population size of 100 and 50 generations. The population and
generation size were selected to resemble the simulation time of LHS. However, with unlimited
computational time, a higher population and generation size would facilitate MOO to discover the true
Pareto front in the objective space. Constrained optimization uses COBYLA, which is a more efficient
algorithm than MOO’s algorithm, NSGA-1l. COBYLA uses successive linear approximations of the
objective function performance and constraints to converge to the best designs instead of an evolutionary
genetic algorithm that quickly works through the objective space. However, constrained optimization takes
approximately 40 minutes to converge to one best performing shaped slab design. To find the true Pareto
front in a design space using constrained optimization, around 20 constrained optimizations would need to
be performed. This indicates that MOO has an advantage over constrained optimization as it can converge
to the potential best performing design solutions found by MOO in one iteration.

Now that the best slab designs have been found for the four acoustic performance levels STC-50,
STC-55, STC-60, and STC-65, the next intuitive question is how well do the best slab designs compare to
other floor constructions? The following section aims to contextualize the potential benefits of shaping

concrete slabs by comparing them to layered floor constructions with known acoustic performance.
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5.3 Comparison to layered floor constructions

To evaluate the best shaped concrete slabs obtained from optimization and put them into context
with other floors, the best shaped slabs were compared to common building floor systems with known STC
ratings (Long, 2014). Five floor constructions will be used for the comparison, each with varying
construction materials and acoustic performance. The table below details the constructions of these floors.
The five floors have the following acoustic performances based on experimental laboratory measurement,
STC-50, STC-55, STC-60, STC-60, and STC-84. The two STC-60 floors differ greatly in material
construction, which adds breadth to comparing the shaped slabs to these floors. To help identify trends in

the investigations, the Pareto Front designs obtained by MOO are included in the figures below.

Table 5-2: Floor constructions with known measured acoustic performance (Long, 2014).

Floor Sound Materials
Construction Transmission
Class

LW Concrete Slab (3.5")
STC-50 Metal Deck (1.5")
Fireproofing (3/4")

Metal Deck (1.5")
STC-55 16" Air Space
Gypsum Board (5/8")
Resilient Channel

LW Concrete Slab (3.5")
Metal Deck (1.5")
Fireproofing (3/4")

16" Air Space
Mineral Tile in T-Bar (5/8")

STC-60

LW Concrete Slab (2.5")
Metal Deck (1)
STC-60 Steel Joists (9.6" @ 24" O/C)
Neoprene Clips

I — Gypsum Board (5/8") x2
Resilient Channel
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s Concrete Slab (6")
Steel Reinforcement
STC-84 Fiberglass Insulation
1" Spring Isolator
Gypsum Board (5/8") x2

Four different comparisons were made between the floor types: structural mass of concrete vs STC;
max depth of floor vs STC; normalized cost vs STC; and embodied carbon vs STC. These comparisons

were selected based on additional criteria that designers consider in building design.
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Figure 5-14: Investigation of structural mass of concrete and sound transmission class.

Figure 5-14 shows the comparison of the amount of structural mass of concrete between the best
shaped concrete slab designs and the floor constructions, the shaped slabs have a clear disadvantage. At
least 97% of the shaped slab’s volume consists of concrete, in comparison to the layered floor constructions
with minimal concrete. The higher performing layered floors have a variety of other materials that decreases
the need for additional concrete mass. To further compare the two floor types, the maximum depth of the

floor was evaluated.
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Figure 5-15: Investigation of max depth of floor and sound transmission class.

Figure 5-15 indicates that for shaped concrete slabs, the maximum floor depth is the distance from
the top of the slab to the bottom of the shaped rib. However, the best performing shaped slab designs do
not necessarily minimize floor depth. This is partially due to the optimization methods minimizing the
objectives and not the geometric variables. That is why there is variability in where the shaped concrete
slabs are mapped. Note that aside from the composite floor construction, all other floors have a maximum
floor depth of around 0.4 m or higher. This indicates that if high acoustic performance is desired, the floor
depth will be large. Floor depth is of architectural importance, especially for high-rise residential buildings.
The larger the floor depth is, the greater the impact it has on the high-rise buildings.

With the structural mass and floor depth recommending different floor systems, the design’s cost
is the next objective that is investigated. Specifically, the floor’s normalized material cost is compared to

the floor’s acoustic performance.
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Figure 5-16: Investigation of the floor’s normalized material cost and sound transmission class.

The approximate cost of the floor construction was determined using the 2020 National Contractor
Estimator provided by Craftsman (Pray, 2020). The estimator provided detailed material cost for common
construction materials. The material cost was determined for all floors and then normalized by the floor
with the least amount of material cost, which was the composite floor. The normalized material cost was
evaluated against STC with the results shown in Figure 5-16. The material cost had to be interpreted and
estimated for some of the layered floor materials such as the neoprene clips and the 1” spring isolator. This
is partially due to unique building materials used in the floor construction to provide good acoustic
performance. It is also due to the layered floor materials not having specific call outs. Therefore, certain
materials had to be estimated based on the known material cost for similar materials.

An important exclusion in the cost analysis is the cost of labor. This is because there is wide
variability in the labor needed for the floor constructions. The layered floor constructions vary in labor cost
due to the unique construction of each floor. The cost of labor for shaped concrete slabs is even more
complex. Shaped concrete slabs are not currently common in practice and would require experts in concrete
slab construction to build the slabs. The cost of transportation for the floor constructions is also not provided
due to great variability between materials and construction of the floor types.

The evaluation of the normalized material cost suggests that the layered floor constructions

dominate except at the highest acoustic performance level. This is intuitive because the majority of the
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layered floor construction materials is common and readily available in the construction industry. However,
shaped slab designs provide other advantages that layered floors cannot provide as previously mentioned.
To further evaluate the floor types, the sustainability characterized by the amount of embodied carbon of
each floor design is evaluated.
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Figure 5-17: Investigation of floor embodied carbon and sound transmission class.

Both layered and shaped concrete slabs provide embodied carbon advantages, but at different
acoustic performance levels as shown in Figure 5-17. At STC-50, the composite floor system has less
embodied carbon than the shaped slab, although the embodied carbon totals are comparable. At STC-55,
the shaped concrete slab beats out the layered floor construction in terms of the embodied carbon. At STC-
60, the layered floor without the steel joists has the least amount of embodied carbon. However, the layered
floor with the steel joists has significantly more embodied carbon than the shaped concrete slabs. Above
STC-60, the shaped concrete slabs linearly increase in embodied carbon. The layered floor construction
with STC-84 clearly has the most embodied carbon of all of the floors, indicating that shaped slabs may
have a significant sustainable advantage at higher acoustic performance levels.

The embodied carbon was determined for the floors using the ICE database (Jones et al., 2011).
The database includes embodied carbon for different materials and constructions, yet it does not have the

embodied carbon totals for all materials. This limits the accuracy of the embodied carbon totals for the
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floors, especially the layered floor constructions. Little information is provided outside of what is displayed
in Table 5-2. The materials are also not specific, further limiting the embodied carbon calculation. However,
the ICE database had enough information to interpolate the embodied carbon for the layered floor materials
not shown in the database.

A major takeaway from the above comparisons is that there are advantages and disadvantages to
every design. There is no single design between the shaped concrete slabs and the floor constructions
analyzed that dominate all the explored objectives. A summary of the trade-offs is provided in Table 5-3.

Table 5-3: Summary of the floor types to different design objectives.

Objective STC Recommended Floor Type
STC-50 Composite Floor Construction
Structural Mass of STC-55 Layered Floor Construction
Concrete STC-60 Layered Floor Construction
STC-65+ Layered Floor Construction
STC-50 Composite Floor Construction
STC-55 Shaped Concrete Slab
Max Floor Depth :
STC-60 Layered Floor Construction
STC-65+ Layered Floor Construction
STC-50 Composite Floor Construction
_ _ STC-55 Layered Floor Construction
Normalized Material Cost :
STC-60 Layered Floor Construction
STC-65+ Shaped Concrete Slab
STC-50 Composite Floor Construction
STC-55 Shaped Concrete Slab
Embodied Carbon :
STC-60 Layered Floor Construction
STC-65+ Shaped Concrete Slab

The above summary table shows that there is not a clear floor type that dominates the design
objectives at medium to high acoustic performances. The composite floor construction is consistently
preferred for all of the evaluated objectives, yet this floor type is only for acceptable acoustic performance.
At higher acoustic performances, the recommended floor type varies greatly. Due to the variety of

recommended floor types at high acoustic performances, the designer must evaluate the importance for
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each of the above objectives. In addition to the objectives above, there are other critical assumptions made
for the shaped concrete slabs that may not be made for the layered floor constructions.

It should be noted that there are several limitations to the comparison between shaped concrete
slabs and layered floor constructions. First, the floor types do not have the same structural strength. The
shaped concrete slabs are fully qualified for the ACI-318 structural strength and design checks previously
discussed. These checks are meaningful, as they imply structural integrity for the shaped slab’s self-weight
and the residential live load. The layered floor constructions, though common in residential buildings, may
not have the same structural strength as the shaped concrete slabs.

In order for the layered floors to have the acoustic performance referenced above, the layered floors
must be constructed with specific floor materials. Not only are specific materials necessary, this evaluation
assumes that the floor is constructed correctly otherwise the layered floor will have sound leaks and sound
flanking. Sound leaks and sound flanking are a big acoustic problem that reduces the amount of sound
transmission provided by a structure. Sound leaks and sound flanking are often related to poor construction
of building structures. The shaped concrete floor must be constructed accurately as well, but advanced
construction technology enables a shaped concrete slab to be precisely constructed. Yet layered floor
construction is typically performed by manual labor. The floor area is also critical in the comparison of the
floor systems. The shaped concrete slabs are optimized with a slab area constant at 36 m2. This is a large
area, which is why concrete slabs are advantageous in bigger structures. Layered floor constructions may
need to be reinforced or redesigned to span the same area, therefore changing the comparison between the
floor systems.

Even though this comparison is uneven, there is valuable information from the initial assessment
of shaped concrete slabs to layered floor systems. The recommendations above provide the designer with a
good basis on when to incorporate floor types such as shaped concrete slabs. If the designer is evaluating
floor types for a sustainable high-rise residential building with high building acoustic performance, then a
shaped concrete slab would be the recommended floor type. A potential solution could be to combine
concrete slab shaping and layering to obtain a floor system that dominates the above four objectives while
maintaining high acoustic performance. The combined floor system would need to maximize the benefits
of each floor type to be a meaningful design solution yet could have sustainability benefits. The combined

floor system should be a focal point of future research in this field.
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5.4 Discussion

This chapter refines the trends observed from sampling the design space. The comparison between
the best shaped concrete slabs and the floor constructions provides further understanding into how well
these slabs perform and suggests when they might be incorporated in residential building design. It also
suggests that a combination of shaping and layering may ultimately be the highest performing design
strategy in construction contexts that have easy access to materials beyond concrete.

The two design space exploration techniques validated the broad finding from LHS, that as the
structural mass increases, there is a greater potential for better acoustic performance. Even though MOO
and constrained optimization are biased with the best performing designs, the original structural-acoustic
trade-off is validated. Additionally, shaped slabs were found with various acoustic performances to show
that the structural mass does increase as STC increased.

Multi-objective optimization was used to find the extent of the Pareto front as mapped on the
objective space. It was found that the Pareto front obtained by MOO does move farther left, meaning that
more structural mass was reduced in the best shaped concrete slab designs compared to the Pareto front
obtained by LHS. Constrained optimization then found significantly better performing designs, which can
be attributed to both a more directed algorithmic search, as well as a set longitudinal steel reinforcement
size. The best designs obtained also showed that there were geometric features in the slabs that were similar
across all the designs. The number of ribs, rib thickness, and curvature control points had clear biases to
one side of the bounds. This indicates that the better performing shaped concrete slabs have geometric
similarities. However, not all geometric variables are as biased. This provides the designer some geometric
and aesthetic flexibility.

The geometric variable of top slab thickness was also explored. It was discovered that the same
trends seen in the investigation of top slab thickness for the LHS fully qualified designs were similar to the
trends seen in the Pareto front designs obtained by MOQO. Linear and cubic relationships were found
between top slab thickness against structural mass and flexural rigidity. Due to these strong relationships,
the top slab thickness has a significant impact on the coincidence dip. It was also seen that STC significantly
penalizes the slab designs with a deep coincidence frequency resulting in a poor acoustic performance.
Therefore, there are noticeable jumps between groups of Pareto front designs.

Sound transmission class evaluates the acoustic performance of the structure at one-third octave
center frequencies. This acoustic metric is accurate for quantifying the transmission of speech sound for
floors with uniform thickness, but the assumptions associated with STC may break down at a one-third

octave center frequency resolution for more complex geometry. As discussed in Section 5.3, STC is an
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accurate acoustic metric for quantifying floors with uniform depth. Even with layered floor constructions,
STC is still accurate. However, for structures with elaborate geometries, this metric may not accurately
guantify acoustic performance. This could impact the comparison between shaped concrete floors and floor
constructions with known acoustic properties.

Additionally, a sensitivity analysis with the one-third octave center frequency of 100 Hz was
incorporated into the calculation of STC. LHS and MOO were used to determine how the objective space
differs with the addition of this one-third octave center frequency. As was expected, the knee found in the
original objective spaces flattens out as a result of STC capturing the coincidence dip.

The sensitivity analysis again questions the qualification of STC as the acoustic performance metric
for design exploration of concrete slabs. Considering that both air-borne and structural-borne sounds relate
to floor systems, a larger frequency range may need to be considered in future work. A potential solution
could be to evaluate a frequency range of 10 Hz to 4,000 Hz with decreasing frequency resolution as
frequency resolution increases. This means that a high frequency resolution should be used for low
frequencies, but a low frequency resolution can be used at high frequencies. This would capture the mass,
coincidence, and stiffness controlled regions at a good resolution. To simplify the transmission loss values
into one integer would be complicated and may require the development of an innovative elaborative
metric.

A comparison between shaped concrete slabs and layered floor constructions with good acoustic
performance was discussed. Shaped concrete slabs have some advantages such as floor depth and embodied
carbon over layered floor constructions. Yet shaped concrete slabs are heavier floor systems and more
expensive than layered floors in many cases. In addition to the objectives investigated in the floor type
comparison, there are more objectives that a designer may need to investigate, such as the required floor
strength, desired max span area, and amount of sound flanking.

Another consideration is that only STC was used to quantify the acoustic performance between the
floor types. Meaning that the comparison is accurate when investigating the amount of speech transmission
through the structure, but it does not provide any insight on how the structure may behave at other
frequencies, including low frequencies. The investigation of shaped concrete slabs and layered floor
constructions for low frequency acoustic performance would provide more information on which design

strategy is most effective.
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Chapter 6

Conclusion

This thesis has addressed several research questions involving structural-acoustic optimization of
shaped concrete slabs. These questions involve (1) the nature of tradeoffs between embodied carbon and
sound transmission class; (2) finding high-performance designs for both structure and acoustics; (3)
comparing shaped slabs to typical constructions; and (4) investigating STC as an appropriate metric for
design optimization.

The optimization of shaped concrete slabs has shown that as geometry becomes more complex, the
structural and acoustic equations introduce linear and non-linear interactions. Broadly, as structural mass
(which scales with the amount of embodied carbon in a structure) increases, the potential for higher sound
transmission class (STC) increases. There is a positive logarithmic relationship between structural mass
and STC until between a rating of STC-55 and STC-60. Once this acoustic performance level is reached,
STC greatly increases with little increase in structural mass. This region was generated due to the STC
metric’s exclusion of frequency evaluation below 125 Hz. These trends were originally found by sampling
the design space and evaluating the objective performance for each slab using Latin Hypercube Sampling
(LHS). Multi-objective optimization (MOQ) further investigated the objective space to find better
performing shaped slab designs. These findings answer the first research question stated in Section 2.6.

The second research question is addressed through constrained optimization, which was the design
exploration technique that found the best performing shaped slab designs as discussed in Section 5.2. These
slab designs had the least amount of structural mass while achieving high acoustic performance at ratings
of STC-50, STC-55, STC-60, and STC-65. Figure 5-13 shows the 3-dimensional models of the shaped
slabs.

The best shaped slabs were preliminary compared to layered floor constructions to provide further
context on how the shaped slabs perform as detailed in Section 5.3. The floor types were evaluated based
on acoustic performance, amount of concrete mass, floor depth, materialized cost, and embodied carbon.
The initial comparisons indicated that both floor types have advantages and disadvantages when compared
against each other. Further research in these comparisons will further refine the answer to the third research
guestion.

As stated in Chapters 4 and 5, the objective of sound transmission class, which quantifies the

building acoustic performance of a structure, has limitations. While the analytical transmission model STC



is able to evaluate complex geometric designs, the acoustic metric is limiting the insightful acoustic
information obtained from the objective space analysis due to the frequency range considered. In addition,
the frequency resolution specified by STC is slightly smearing the coincidence region further complicating
the acoustic evaluation. Structural mass is an accurate objective for quantifying the overall mass and
embodied carbon in a structure. In response to the fourth research question, this thesis suggests the need for
a different building acoustic metric to quantify the transmission of a structure at all airborne frequencies

while incorporating structural-borne sounds.

6.1 Summary of research and contributions

First, a design space was developed that incorporated nine unique geometric variables capable of
generating shaped concrete slab designs. Slab designs were first filtered through the structural and acoustic
models to remove ungualified designs. Then each shaped slab design was evaluated based on the objectives
of structural mass and STC to investigate structural-acoustic trade-offs. Sampling the design space found
that there is a positive logarithmic relationship that when structural mass increases, the STC rating
increases. Additionally, there is a region with high STC ratings that is generated due to the STC metric not
considering the coincidence regions below 125 Hz. LHS also found trends with coincidence frequency and
longitudinal steel reinforcement. As the structural mass increased, the slab’s coincidence frequency
decreased. Finally, the best performing shaped slab designs found by MOO were classified as having larger
steel reinforcement sizes.

Multi-objective optimization was the second design space exploration technique that found shaped
slab designs that outperformed the best shaped slab designs found by LHS. Despite the bias of better
performing shaped slab designs, the trends found from LHS including structural-acoustic trade-offs,
structural mass-coincidence frequency, and best shaped slab designs-longitudinal steel reinforcement were
all confirmed by MOO. Additionally, MOO indicated that the best shaped slab designs can be found with
less structural mass.

Constrained optimization found the best shaped slab designs in the objective space. These slab
designs were characterized by deep, curvy ribs and a thin top slab. The slabs outperformed the best shaped
slab designs found by LHS and MOOQO demonstrating that constrained optimization is beneficial when
investigating one objective with a set of constraints. The best shaped concrete slabs were then compared to
layered floor constructions. The preliminary comparison indicated that shaped slabs have some advantages

in maximum floor depth and embodied carbon but disadvantages in concrete mass and material cost.
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When flexural rigidity was explored further, non-linear behavior was found between flexural
rigidity and STC. After further investigation of the non-linear behavior found in the best shaped slabs
obtained by MOO, it was seen that gaps in the objective space were evident when flexural rigidity verses
STC was plotted. Further investigation showed that the gaps corresponded to when the coincidence dip was
very deep. This also resulted in the clustering of the shaped slabs by coincidence frequency in one-third
octave center frequencies.

Two sensitivity analyzes were conducted to evaluate assumptions within this research framework.
Appendix B performs LHS and MOO when the STC metric includes a frequency range from 100 Hz to
4,000 Hz. These simulations suggest that the incorporation of lower airborne frequencies in the acoustic
metric remove some of the nuances found in Chapters 4 and 5. Appendix C performs iterations of LHS and
MOO with different angle of incidences. Four different angles (0°, 30°, 60°, and 85°) are evaluated and
show that the incidence angle has a major impact on the overall shape of the objective space. However, an
angle of incidence of 45° was found to be an adequate median angle for acoustic evaluation. Two additional
simulations that evaluated a range of angles from 0° to 85° at intervals of 5° indicated that averaging the
transmission coefficients obtained from each of the angles to obtain every slab’s STC rating may be the
best solution to evaluate all angles. Future research will continue to evaluate the impact that the angle of
incidence has on the objective space.

This thesis shows the potential of including structural-acoustic performance-based design in an
optimization framework at the building component level. Concrete slabs can be shaped to reduce the
amount of structural mass without degrading the transmission performance of a structure. Further, design
space exploration techniques are an effective method to evaluate both objectives simultaneously while
converging to the best designs. This thesis suggests that shaped concrete slabs are a potential sustainable
design solution. Further research is necessary to evaluate the full acoustic performance of the slab while

further reducing the amount of structural mass of a shaped slab.

6.2 Research limitations

Throughout the parametric framework of shaped concrete slabs and the investigation of their
performance, several limitations exist. Some potential limitations relate to assumptions made about the
geometric variables in addition to the structural and acoustic models. The scope of the research was to
investigate the structural-acoustic trade-offs for complex concrete slabs, and many decisions in order to

conduct the investigation brought forth limitations of varying severity.
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Each of the nine geometric variables in the parametric framework of the shaped concrete slabs had
specific bounds. The bounds were established in order to limit the amount of unqualified or constructible
designs. But with the exploration of the geometric similarities of the Pareto front designs obtained by MOO,
a lot of the slab designs had geometric variables pushed to one of the extremes of the variable’s bound as
seen in Figure 5-7. Increasing the bounds toward the geometric bias could generate even better shaped
concrete slab designs. The slab’s ribs were also limited to the geometric variables used in shaping the slab.
Only curved ribs were generated in the model.

The geometric parameters and assumptions also limit the research. The slab area was held at a
constant to specifically evaluate how the shaping of the slab’s ribs impacts structural-acoustic behavior.
Other shaped concrete slab solutions could be produced with adding the slab’s length and width as
geometric variables. Adding the length and width as geometric variables could provide more insight into
more elaborate concrete floors. With the addition of length and width as geometric variables, the direction
that the ribs are shaped could be manipulated. In this research, the ribs were only shaped along the slab’s
length. This is because the scope of this research is to investigate the shaping of one-way concrete floors.
Waffle slabs and other two-way concrete systems could provide more information on the benefit of
designing using shaped concrete slabs.

The implementation of the shaped concrete slab was in a residential building. This parameter limits
the application of the shaped concrete slab designs but also constrains the structural loading that is being
investigated. The research model only includes a residential live load, yet for different building applications
such as an office building, the structural load on the slab will differ. This would cause the amount of
gualified designs to change, impacting the fully qualified objective space. In addition, the geometric shaping
would likely change as more structural material would be needed for a larger structural load.

The structural parameters and assumptions limit the research as well. The assessment assumption
of rectilinear behavior was chosen because of standard structural concrete code, but structural equations
based on rectilinear geometry limits the structural analysis of shaped slabs. The shaped concrete slab is
designed using high compressive strength concrete. If a range of concrete compressive strength were
evaluated, the shaped concrete slab’s structural properties would be better understood. The other properties
of the concrete and steel limit any trends that could be seen with varying structural materials.

The acoustic model provides limits in the parameters as well. The angle of incidence, temperature,
and concrete absorption were all held constant. Despite these acoustic limitations, the largest limitation is
arguably the acoustic metric of sound transmission class. As discussed in the previous chapters, STC

excludes any transmission loss value below 125 Hz. This is because STC quantifies the structure’s acoustic
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performance of speech transmission. Yet the objective space shows that there are high performing shaped
concrete slabs as the coincidence frequency decreases below 125 Hz. But since STC does not include any
frequency below 125 Hz, the acoustic performance objective is biased toward the transmission of speech.
Low frequencies and structural-borne noise were not incorporated into the evaluation of the structure’s
acoustic performance. However, STC is the common acoustic metric that quantifies speech transmission
through a structure in American building code and was thus the metric incorporated in this research.

The last major limitation is how the structural model estimates the flexural steel reinforcement. As
previously discussed, the longitudinal steel reinforcement is estimated based on the shaped slab’s geometry
and the required minimum ductility. The reinforcement estimator was included in the model due to the
limitation of estimating the steel reinforcement based on the moment capacity. Typically, an engineer would
design a structural concrete element by iterating through several rebar sizes. The behavior of the model
prevents iterations of failed designs due to the steel reinforcement. In addition, the longitudinal
reinforcement sizing limitation, the steel reinforcement is restricted to being the same area throughout the
length of the shaped rib and with the same clear cover. Variations of these parameters could introduce more
unique shaped concrete slabs.

LHS, MOO, and constrained optimization are largely dependent on the above limitations. However,
due to user defined sample, population, and generation sizes, these analyzes have slight limitations as well.
Provided enough computational resources, LHS, MOO, and constrained optimization could be further

refined to obtain the best shaped design solutions.

6.3 Future work

The investigation into the structural-acoustic trade-offs found in shaped concrete slabs using an
optimization framework implores for more research into this area. Especially as buildings become more
sustainable, with optimal performance, designers need to ensure that all design criteria are considered. Since
acoustic-based performance design is behind the performance design research in other building disciplines,
more research should be conducted within this field. Since this investigation found interesting trade-offs
between a concrete structural system’s geometry, structural performance, and acoustic performance, more
research should be conducted in structural-acoustic behavior of other structural systems in buildings. In
addition, structural performance is one only of several primary design considerations in a building. There

could be valuable research in the optimization of acoustics and other primary building considerations. For
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example, mechanical system — acoustic optimization could potentially provide new insight on how
mechanical layouts in buildings could increase satisfactory acoustic environments within a building.

The following future work discussion is divided into three categories: structural model, acoustic
model, and high resolution, testing, and other work. This is to provide more detail about the future work
necessary for the different aspects of structural-acoustic optimization research.

6.3.1 Future structural model

Future research should also be performed on the structural model of the shaped concrete slab. The
ACI-318 strength and design equations are specific for rectilinear concrete elements. Yet with advanced
construction technology curved concrete elements are possible. The structural strength checks should be
re-evaluated for a shaped concrete slab as complex geometries contribute to the moment and shear capacity
in different ways. In addition, the extent of the application of ACI-318 design requirements for shaped
concrete slabs should be researched. Fire rating is another design objective that deems attention in the
model.

A sensitivity analysis on the serviceability criterion for a shaped concrete slab. The amount of
deflection experienced by a shaped concrete slab is important for the incorporation of shaped concrete slabs
in building design. If the deflection of a shaped concrete slab is found to be large, then this would limit the
incorporation of the slabs in the building design practice. Another serviceability criterion for the structural
vibrations should be investigated. The evaluation of the acoustic performance at low frequencies does not
equate to an evaluation of structural vibrations.

Other sensitivity analyzes can be conducted on some of the parameters and assumptions in the
current model. Optimization of a shaped concrete slab’s floor area would be intriguing and further the
understanding of shaped slabs for design implementation. Likewise, varying the clear cover and shear

reinforcement would be other useful studies to further this research.

6.3.2 Future acoustic model

Future work for shaped concrete slabs involves the inclusion of an existing acoustic metric, an
expansion of an existing metric, or the development of a new acoustic metric that captures the interesting

structural-acoustic phenomenon occurring at low frequencies. Impact insulation class (IIC) is an existing
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metric that quantifies the transmission of structural-borne sound through a structure. Yet, it relies upon a
tapping machine to determine the transmission of structural-borne sounds. 1IC does not include the
evaluation of low frequency airborne sound. Numerical studies have been conducted that suggest new
metrics for the investigation of low frequency structural-borne and airborne sounds, yet none of these
metrics have been compared to I1C or incorporated into building design practice.

A follow-up question from this research is: can a structure’s full acoustic performance be provided
in a single, meaningful quantity? STC and I1C both combine frequency dependent data into one number,
but both have limitations due to how the transmission data is obtained and how the metric is calculated.
The investigation of shaped concrete slabs shows the need for an acoustic metric that captures low
frequency airborne sounds in addition to the speech frequency range. Structural-borne sounds would need
to be incorporated as well. To completely understand the relationships between structural and acoustic
based performance designs, a high performing acoustic metric needs to be incorporated in the model.

A potential insightful study would be to calculate the standard STC and I1C values for a structure
and then scale the two metrics into one composite acoustic objective. The designer could determine if the
shaped concrete slab should be designed for better acoustic performance for low frequency structural-borne
sounds or mid to high frequency airborne sounds such as speech. This would be an interesting solution for
certain room designs, such as a floor design in a mall which would likely be more concerned with the low
frequency structural-borne sounds generated from people moving. A floor design in an office building
would be more concerned with the mid to high frequency range for good speech privacy. However, some
room designs, such as residential rooms, would likely desire high performance for low, mid, and high
frequency airborne sounds in addition to structural-borne sounds.

To further evaluate the coincidence region, the structural damping should be incorporated within
the structural model. Damping is held constant for this research, but along with mass and stiffness, it can
impact the coincidence region. Since the coincidence region has a significant impact on the acoustic
performance of a structure, this is a study that must be researched to continue to understand the structural-
acoustic behavior. The slab’s damping will be largely dependent on the support conditions and
implementation into the structural system.

The impact that the angle of incidence has on the structure’s acoustic performance is another sub-
study in this research discussed in Appendix C. Since the transmission coefficient is dependent on the angle
of incidence, results showed that different angles resulted in different objective space relationships. Further

research should include the incorporation of an averaged angle of incidence calculation as provided in
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Appendix C and perform more sensitivity analyzes regarding the appropriate angle of incidence resolution
for design space exploration of shaped slabs.

Structural-acoustic interaction is not limited to transmission. The amount of sound that a shaped
concrete slab reflects would be of great interest, especially when considering scattering. Scattering can
occur when a sound wavelength and the spacing of a surface irregularity is similar. This could cause sound
to be concentrated to certain locations of an acoustic environment, which would be undesirable. The amount

of sound absorbed by a shaped concrete slab could be an interesting sustainable design solution.

6.3.3 High resolution, testing, and other future work

Future research should also incorporate the evaluation of a shaped concrete slab in a finite element
model. This would provide the highest resolution on the structural and acoustical performance and could
refine the relationships cited in this thesis. In addition to high resolution evaluation of the current shaped
slab geometries, two-way shaped slabs should be evaluated.

Shaped concrete slabs could be combined with material layering to generate innovative and
sustainable design solutions. As mentioned in Section 5.3, combining shaping and layering could
potentially reduce the amount of structural mass and embodied carbon in these floor systems. Unique
sustainable solutions could be generated that have broad applications outside of residential buildings, as
shaped-layered slabs could provide structural-acoustic benefits to offices, gymnasiums, and other building
types. Shaped-layered slabs may also provide acoustic benefits for the full range of airborne frequencies
and structural borne sounds without sacrificing structural integrity. Additionally, the designer could have
more aesthetic expression with different layering material options. Similar to layering, air pockets can be
strategically placed within a structural slab, creating a bubble slab (Aouf, 2019). There are many innovative
solutions to reducing the embodied carbon of a structural system beyond shaping the ribs at the bottom of
the concrete slab. As sustainability continues to play a role in the design of buildings, new solutions will
need to be developed to address environmental concerns while creating a healthy and enriching building
environment.

Beyond further computational modeling, experimental testing of a shaped concrete slab would
validate numerical results. Once a best performing shaped concrete slab is identified at a high resolution,
fabrication and testing of the slab should be performed. The structural strength and acoustic performances
could be tested. Even broader, research should be conducted to investigate the shaping of other structural

systems. In a similar vein to shaping concrete slabs, the shaping of concrete shear walls would be interesting
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as there would be structural-acoustic (vibrations) trade-offs. Shaping of composite floor systems and the

incorporation of other materials could produce more valuable design solutions.

6.4 1l fine

To conclude, this thesis investigates the relationships between structural and acoustic performance
design in a parametric framework. Optimization was used to explore the best design solutions that met
structural and acoustic criteria at the resolution of early design. The best shaped concrete slabs were further
analyzed to identify geometric-objective relationships. It was found that both linear and non-linear
structural-acoustic relationships exist due to the mass and stiffness of the slab in addition to how the acoustic
metric quantified acoustic performance.

While this research provides significant new data concerning the relationship between structure
and sound in concrete floors, it represents only an initial step in the full design, production, and testing of
such building components. This conclusion identifies many areas of future research that should be
performed to fully understand the structural-acoustic relationships for shaped concrete slabs. More research
performed on sustainable structural design solutions such as shaped concrete slabs will increase their
visibility and viability as a potential solution in design practice. Beyond pure structural design approaches,
this thesis also shows the importance of incorporating acoustic performance in design optimization.

Computational design of concrete building components for both structural and acoustic
performance can be further explored by increasing the model resolution, evaluating other geometric
possibilities into the model, and through experimental fabrication and testing. With advances in digital
fabrication, opportunities remain for innovative geometric solutions that are only limited by the imagination

of the designer.
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Appendix A

Geometrical, Structural, and Acoustical Result VValidation

The provided hand calculations are shown to validate the results obtained from the structural-
acoustic model. Two different case studies were conducted to ensure accuracy. The case studies are broken
into geometry, structural, and acoustic result validation. Screenshots of Excel worksheets are provided to
supplement the calculation for repetitive equations, such as the maximum ductility and transmission

coefficient.

Case 1: 6” Flat Slab

Table App. A-1: Geometric variable values for validation case 1.

Geometric Variable Value
Rib Number 5 Ribs
Slab Thickness 0.152m
Rib Depth 0.0m
End Taper 1 0.200
End Width 1 0.200
End Taper 2 0.200
End Width 2 0.200
Rib Mid-Depth 0.000

Rib Mid-Width 0.000



Figure App. A-1: 3-dimensional view of case 1 slab.

Validate Mass:
Density = 2400 kg/m?®
Area = 6m X 6m = 36 m?

k
mass = density X volume = 2400m—g3 x (0.152m x 36m?) = 13132.8 kg

GH Model = 13132.8 kg

Validate Acoustic Model:
Modulus of Elasticity of Concrete = 27,500 MPa; Poisson’s Ratio = 0.15; Density of Air = 1.29 kg/m?;

Angle of Incidence = 45°; Air Speed of Sound = 343 m/s; Damping Coefficient = 0.01.

1) Mass Law

mass  13132.8kg kg

364.8—

Mass Density = =
ass Density e 36m2

Frequency range = 63 Hz to 8000 Hz in 1 Hz intervals.
For f =500 Hz

364.8kg
TLyy, = 20logyo(mf) — 42 = 201ogy, (T) (500Hz) | — 42 = 63.2205 dB

GH Model = 63.2205 dB
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The rest of the frequencies were validated using an Excel Spreadsheet:

Acoustic Validation Calculations

Frequency [F Angular Freque 'Wave Murmb Flexural Rigic Tau Top  Tau Battorn Le Tau Bottorn Ric tau TL [dE) kazzLa
B3 2958406744 118405444 B233138.96 1BEE233 1905604875 19273441387 9.5V03E-05 45,2279
E4 0271238597 LTF237277 B23N3896 18BEZ38 1BTVEIEETS 1877590M00 8. 3409E-05 45,3647
E5 408407045 1190B5709 823313895 1AREZ3E 1330081509 19281241060 8.1223E-05 45,4354
Ef 414 8902303 120900342 82333895 1BBEZ38 1842919293 19789243826 F9139E-05 45632
E? 420 9734156 122732774 B2ONIB 96 /EEZ38 185230172 20299689469 FPM9E-05 45, 7E2R
5] 427 2866009 124564607  8233138.96  18B6E233  1969994.471 20812356136 7.5248E-05 45,8913
B3 4335397862 126396439 8233138.96  1BGE233 1984222757 2132702014 7 3433E-05 45,0131
il 4398229718 128228272 BZ3N3IB 96 1BREZ3E 1398925682 21843455898 ¥.1R97E-05 461431
hl 445 1051RES 13006004 823313896 196E238 13414681 22361436285 7 O03RE-0R 4E.26E3
T 452 3893421 13891936 8233896 BEEZIR 1929800601  ZZBB0YIZX9E E.B44EE-0R 4B 3877
73 A58 E72R274 1337237R9 823313896 1RGE233 1945995089 2340113542 B.6524E-05 46,5076
L] 464 9857127 13BEEEE0N 8233896 1BBEZ3E 1962V09.907 23922347394 E.A4EEE-05 46,6257
] 471238895 137387434 823313896 196E238 1979957.08 24444202208 6. 4063E-05 46,7423
TE 4775220833 139219266 823313896 1BAEZ33 1997748898 2496B441362 B 2VZ9E-05 4E.8574
7 483 8082687 141051099 823313898 1REEZ33 2016097 .93 2R488329331 B1443E-05 4E.9704
A 490088454 142882931 8233896 BEEZIR 203/017.025 2E01MZ87EZ  B.0209E-05 47 083
79 4963716393 144714764 8233896 1BEEZ3E 2054519324 2653011458 5.9025E-05 471936
aa BO2ER48246  14BR4ER9E  8233138.96 1BEE233 207V4E19.267 27054506304 5.735YE-05 47,3029
a A08.5380093 148378429 823313896 1BAEZ33 2095327 R97  27H7RI05442 BEFISE-05 47,4108
az BIRZ221952  1R0210261 823313895 1BBEZ38 ZTIBBR1372  28094FBRZ54 B AT44E-0R 47 5174
a3 5215043305 152042093 82333896 1BBEZ3R 2138633972 28512913954 H4735E-0B 47 B227
a4 RZY.FEVRERE  1R38VI0ZE 823313896 1REEZ33 ZRIZE00E 29129538515 RIVE4E-05 47 7BV
a5 534.07075T1 155706758 823313896 1566238 2194554819 29644585044 5283E-05 47,8295
g6 5403539364 15VEIFRST 8233138.96  186E233 2208533504 3015VRO091EE 519IE-0S 47931
ar S4B EITIZTY 189369423 823313896 19EE238 2233271906 30BEAIESISS BI0EVE-DS 480315
a3 RR2920307  1B1201256 82333895 1BBEZ38 225BE06.134 AFESI0051 B.0Z34E-05 48,1308
a9 FR9.2034923 1630330858 823313898 1REEZ233 2284732 EBEE 3IBBIE95YER 4.9433E-05 48,2289
a0 FER48REY7E  1B48E4921 823313896 1BGE233 23103353 32134077095 4.86R1E-05 48,3289
Ell BY1TEIBE]  1BEESEVEI 823313896 156238 2339250462 32683207899 4.7919E-05 484219
9z 5780530483 168528585  8233138.96  196E233  23GVEVERTD 33178841933 4.7203E-05 485169
43 AB4 3362336 1703B0418 823313896 1BEEZ3R 2396904 83 33RVO7IZARZ 4.6RIE-0B 486108
94 RA0.E194189 17219225 823313896 19BEZ38 242695368 3416BE34799 4.5549E-05 48,7037
95 FO9E.9026042 174024083 823313896 1RGE233 Z457B41951 34642301493 4. 5209E-05 48,795
96 BO3.1857395 175855918 82333896 166EZ38 2489588997 351287326 4.4892E-05 48,8365
97 E09.4689748  177EEY748  8233138.96  186E233 2522214553 35555946951 4.3397E-05 48,9765
93 E1R.7R21601 17951958 8233896 16BEZ38  25BAY3B8E4  JE0RR43R4YF 4. 3425E-05 49,0556
99 E22 0303484 181351413 823313896 1BEEZ33  25A0M82H94 3ER297085E4 4.2373E-05 491538
jLuli] BZ8.318R307 18383245 8233896 1BEEZ3R ZEZRBEESAE  3EY5BRZIAIS 4.2341E-0R 43,2411
1 B34 B0T71E 185015078 823313896 186E238 ZERI913365 37441634387 4.1328E-05 49,3275
oz G40.8849013 18654691 8233096 1BEEZ3E 2699244147 I7O5B802061 4.1335E-05 43411
K] B47.1E8036E 1.8867EY42  B2INIBG6 1BBEZ3E 2FIVERE1844 38329V84366 4.0859E-05 4945978
4 Bh3.4R12719 190810575 823313896 19BEZ38  ZY7R949581  3BVE4341B9 4.040E-08 4955818
jlila] EB3.7344573 192342407 823313898 1BEEZ33 2817371001 39192233471 3996E-05 49,6644
il BEE.OTFB4ZE 19417424 8233896 1ABEZ38  Z8RESF0Z7E 39513223518 3.9R35E-0R 497472

Figure App. A-2: Mass law TL validation for case 1 slab using Excel.

The TL values were then grouped by 1/3 octave band frequency

%octave center frequency
21/6

Lower bound =

1
Upper bound = (§ octave band center frequency) x 21/6

For 500 Hz:

500 Hz

W: 445 Hz

Lower bound =
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GH Model = 445 Hz

Upper bound = (500 Hz)(2/¢) = 561 Hz

GH Model =561 Hz

Excel was used to find the STC rating for Mass Law, which found STC-67

Figure App. A-3: Mass law STC validation for case 1 slab using Excel.

GH Model = STC-67
2) Analytical Transmission Model

Since no bottom rib, there is no rib contribution to flexural rigidity.

D= Ehg Estiffenerlstiffener _ (27500 MPa)(OlSZm)3(10002)
12(1 - Vz) Astiffener 12(1 - (0-15)2)

+ 0 =8233138.96

GH Model = 8233138.96
Assume f =500 Hz

(ZPOCO)Z
sing _

(9, w) =
¢ 2902y sin) "2+ (wph—(2) (osing)*)
(g

sin (45°)

=1.3044x107

sin(45°) 3141.59 3141.59

1.29kg m B
((Z( m* )(343s)>+(0.01)(BZ33138'%)((9.159)(sin(45°)))4) +((3141.59)(364.8 kg)—(8233138'96)((9.159)(sin(45°)))4)z

GH Model =1.3044x107
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ST

1
T

TL = 1010g( ) = 1010g(

1
1.3044 x 107

GH Model = 68.8457 dB v

) = 68.8457 dB

Excel was used to find the STC rating for the Analytical Model which was found to be STC-40.

Figure App. A-4: Analytical Transmission Model STC validation for case 1 slab using Excel.

GH Model = STC-40 v

Soundflow was also used to validate the STC rating; it obtained STC-41. OK

New Structurel® |

Structure Properties - New Structure]*

Backing
[] Terminate with Rigid Back

Overal Thickness
18Bin

Absarber Model
Apsorber

Dimensions
@ Infinite
O 150 354 (157inx 118 in)"
O User Defined”
\idth
Height

“Equvaiert 12 Revarseraton Room Maas semerts

Figure App. A-5: STC validation for case 1 slab using Soundflow.
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Validate Structural Model

Loading:
Live load = 40 psf (residential live load).

Convert to a uniform line load applied over the length of a rib: 40 psf x (Sﬁr:';s) X (%) = 157.44 plf

1kN/m

————— = 229766 kN/m
68.521766 plf

Convert uniform line load to metric: 157.44 plf X

Dead load = Slab’s self-weight at 10 sections
Convert to point loads applied at 10 sections along the length of a rib:

24kN 0152 x(6m)><( 6m )—26kN
m3 e 5ribs 10 sections)

Apply LRFD load combination: 1.2D + 1.6L
1.2D =1.2(2.6 kN) = 3.1 kN

GH Model = 3.09093 kN

kN
1.6L =1.6 (2.29766;) = 3.677 kN/m

GH Model = 3.67717 kKN/m
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Shear and moment envelopes were calculated based on the factored loading in Excel:

SpanLength B Fibs ]
rurnber of Paoint Loac 10
niformn Loac 22982 367717
Load Pairt [LengthPoint Loadlotal Laad Yo | Mu
1] ] 0 2E48E2 1]
06 309093 529723 211389 14.3025
06 309093 529723 1RE9lF 254267
06 309093 529723 1053945 333726
06 309093 529723 R29723 387401
06 309093 529723 T7E-1B 3897292
B 309093 529723 -B2972 38401
06 309093 529723 -0.594 333726
06 309093 H29723 -19.892 254267
06 309093 529723 -21189 14.3025
06 309093 529723 -26.486 1]
Surm: 529723

S W0 00 e O e LD D
=]
m

Shear Diagram

Shdar (KM

Position along span (per 10%)

Moment Diagram

Moment [Kh-mj

a 2 4 B ] 1

Position along span (per 10%]

Figure App. A-6: Shear and moment validation for case 1 slab using Excel.

The steel reinforcement for the flat slab was selected to be two (2) #10 bars. Therefore, A, = 1638 mm?

Reinforcement ratios were found for the structure at one section:

1m 2
4, (1638 mm®) (15007mm)

=5 = =0.011974
P=p,d " (12m)(0.152 m — 0.038 m)
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Pmin = larger of

fy

) fy_

Pmin = 0.0037646

Pmax =

0.25\/f. 1.4 _ 0.25V40 MPa

420 MPa

0.319f", _0.319(40 MPa)

= 0.0037646,

fy

420 MPa

420

= 0.030381

1.4
—— = 0.003333,

Since, ppin = 0.0037646 < p = 0.011974 < p,q = 0.030381, the slab meets the ductility

requirements.

GH Model Confirms the calculations

Excel was used to find the reinforcement ratios at all other sections:

Section [ As[m™2][Ag[m™2][bw " d[m™2]] rho  [rhe max] rha min] tho mas [2error] | tho min (3 errar]
1 0.001533 01524 01368 00197 0232 0.00376 4839269657 213.0585533
2 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
3 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
4 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585583
] 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585533
G 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
7 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
g 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585583
9 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585533
10 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
1l 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
12 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585583
13 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585533
14 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
15 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
16 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585583
17 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585533
1a 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
13 0.001633 01524 01368 00197 00232 0.00376 4839269657 213.0585583
20 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585583
21 0.001533 01524 01368 00197 00232 0.00376 4839269657 213.0585533
Figure App. A-7: Steel reinforcement ratio validation for case 1 slab using Excel.
A flexural analysis was performed along the length of the rib:
085 — 0.005 1< 28 MPa _ o ox o5 OMPD) —28MPa_, 10g
hr=0. ' 7 MPa ' ' 7 MPa '
Af (1638 mm?) (#)2 (420 MPa)
Y __ - UL =0.022062 m

€= 0.85f/b,B; _ 0.85(40 MPa)(6 m/5 ribs)(0.76429)
A, = Bycb,, = (0.76429)(0.022062 m)(1.2 m) = 0.020234 m?
C, = 0.85f/A, = 0.85(40 MPa)(0.020234 m?) = 687.96 kN
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z=d -

Ccentroid

= (0.152m — 0.038 m) — 0.0084308 m = 0.10557 m

M, = Asfyz = (1638 mm?)(420 MPa)(0.10557 m) = 72.628 kN * m
Since M,, = 72.628 kN + m > M,, = 39.729 kN = m, the slab meets the flexural requirements.

GH Model Confirms the calculations

Excel was used to perform a flexural analysis at all other sections:

Section [Mu [kM-m]&s [rm™2] &g [™2]] Ac [m™2] height of Comp Zon[Centraid] dm] | z[m] | Mn [%Error
1 -0.0001 0.00164 01824 0020234 0.01E3616EY  0.00843 01d4 0I08h7 -F2e27 T3E+07
2 -3.97293  0.00164 01824 0020234 0.ME3ETEEY  0.00843 014 0I08s7 -F2eZ7 1728.06
3 -7.94585 000164 01324 0020234 0016861667 0.00843 0114 010557 -72627 214.029
4 -1.9188  0.00764 01824 0020234 0.01E3E16EY  0.00843 014 008s7 -72627 609353
A -15.8917 0.00164 01824 0020234 0.01E361EEY  0.00843 014 008s7 -F2e27 367.014
G -19.8646  0.00164 01824 0020234 0.ME3ETEEY  0.00843 014 00857 -F2EZ7 265612
7 -23.8375 000184 01324 0020234 0016861667 0.00843 0114 010557 -72627 204676
2 -27.8105  0.00164 01824 0020234 0.01E3E16EY  0.00843 0on1d4 00ssy -72e27 161151
9 -31.7834 0.00164 01824 0020234 0.01E361EEY  0.00843 014 008sy -F2e27 128.507
10 -35.7563 0.00064 01824 0020234 0.ME3ETEEY  0.00843 014 0I08s7 -F2EZY 10318
1 -39.7292 000164 01324 0020234 0016861667 0.00843 0114 010557 -72.627 B2.8058
12 -35.7563 0.00164 01824 0020234 0.01E3E16EY  0.00843 0nmd4 008s7 -F2e27 10318
13 -31.7834 0.00164 01824 0020234 0.01E361EEY  0.00843 014 008sy -F2e27 128.507
14 -27.8105  0.00164 01824 0020234 0.ME3ETEEY  0.00843 014 0I08s7 -F2eZ7 161151
5 -23.8375 000184 01324 0020234 0016861667 0.00843 0114 010557 -72627 204676
& -19.8646  0.00164 01824 0020234 0.01E3E16EY  0.00843 014 0I08s7 -72e27 265612
17 -15.8917 0.00164 01824 0020234 0.01E361EEY  0.00843 014 008s7 -F2e27 367.014
12 -1.9183  0.00764 01824 0020234 0.ME3ETEEY  0.00843 014 0I08s7 -7F2e27 509353
19 -7.94585 000164 01324 0020234 0016861667 0.00843 0114 010557 -72627 214.029
20 -3.97293  0.00064 01824 0020234 0.01E3E16EY  0.00843 014 008sy -72e27 1728.06
21 -0.0001 0.00164 01824 0020234 0.0163616EY 0.00843 014 00867 -72e27 73E+07

Figure App. A-8: Flexural analysis validation for case 1 slab using Excel.

A shear analysis was performed along the length of the rib:
Minimum shear reinforcement was selected for the slab since shear does not control concrete slab design.

A,f,d
V, =V, +V, =0.167,/f/b,d + %

(71 mm?)(420MPa)(0.152 m — 0.038 m)

= 0.167v40 MPa (1.2 m)(0.152 m — 0.038 m) + T3

= 144.49 kN + 11.332 kN = 155.82 kN

GH Model Confirms the calculations
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Excel was used to perform a shear analysis at all other sections:

Section | Yu kN[ Vs [kN] | Yel [kMI] ¥ [kM]] % Errar
1 -AB486 M332 1444838 1BhEZ 488303
2 -23.838 0 M332 44438 165582 BRAETE
3 -A1189 M332 1444880 15582 635385
4 1354 N332 144488 1BhE2 74044
al -18.8592 0 M332 144.488 185372 530514
G
7
g

-13.243 11332 1444833 15582 1076.RZ

-0.534 11332 144488 15582 137077

-7.9458 T332 144488 18582 186102
3 -R2972 M332 144488 18582 284154
0 -2B486 T332 144.433 19582 5783.08
il 000001 M332 144488 18582 1EE+09
12 2B4862 T332 144,483 15582 H733.02
13 29723 T332 144,433 15582 284154
L& 734585 T332 144433 15582 1561.03
1 05345 N332 144488 18582 1EFF0TY
L= 132431 11332 144483 15582 1076.EZ
7 168317 11332 144483 15582 88054
13 13.5403 T332 144.433 19582 74044
1A 211883 1332 144488 15582 635385
20 238375 T332 144,483 15582 BRIEVE
21 2B 4862 T332 144,433 15582 488.308

Figure App. A-9: Shear analysis validation for case 1 slab using Excel.

It should be noted that all of the structural design checks were based on the rib geometry. Since the flat

slab does not have any ribs, the structural design checks are not checked.

Case 2: Shaped Slab

Table App. A-2: Geometric variable values for validation case 2.

Geometric Variable Value
Rib Number 6 Ribs
Slab Thickness 0.400 m
Rib Depth 0.300 m
End Taper 1 0.200
End Width 1 0.200
End Taper 2 0.200
End Width 2 0.200
Rib Mid-Depth 0.000
Rib Mid-Width 0.000
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Figure App. A-10: 3-dimensional view of case 2 slab.

Validate Mass:
Density = 2400 kg/m?®
Area = 6m x 6m = 36 m?

kg
m3

mass = density X volume = 2400

X ((0.4 m x 36m?) + (”(0-33 m)2(26 m)(6 TibS)))
= 49340 kg
GH Model = 49083 kg OK
Validate Acoustic Model:
Modulus of Elasticity of Concrete = 27,500 MPa; Poisson’s Ratio = 0.15; Density of Air = 1.29 kg/m?;
Angle of Incidence = 45°; Air Speed of Sound = 343 m/s; Damping Coefficient = 0.01.
Steel reinforcement was selected to be one (1) #8 bar. Modulus of Elasticity of Steel = 205,000 MPa
1) Mass Law

mass 49340k k
= J-131-2
m

M D ity = =
ass enSlty area 36m2

Frequency range = 63 Hz to 8000 Hz in 1 Hz intervals.
For f =500 Hz

1371kg
TLyy = 20logyo(mf) — 42 = 20logy, ( — )(SOOHZ) — 42 = 74.720 dB

GH Model = 74.672 dB g
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The rest of the frequencies were validated using an Excel Spreadsheet:

53
64
5
EE
&7
=]
=5
70
71
72
73
74
78
7B
77
78
79
=l
a1
a2
a3
24
25
86
a7
2
a9
a0
Ell
92
3
34
95
36
a7
a8
a9
00
o
02
03
104
105
108

395.84067 44
021238537
408.407045
414.6902303
4209734156
427 2566003
4335397862
4398229715
4461061568
4523893421
458 6726274
464.9557127
471238838
477 5220833
4838052687
430.033454
436, 3716333
502 6548246
508.9380033
5162211362
5215043805
D27. 7479658
534.07075M
540.3539364
5466371217
B52.920307
559.20345923
DE5.4866776
571763863
578.0530483
584.3362336
5A0.61934183
596.9026042
E031867335
£09.4689748
£15. 7521601
£22.0353454
E28. 3185307
534601716
E40.83430713
E47. 1680366
653.4512713
£53.7344573
BEE. 0176426

115405444
VTPE3T277
113065103
120900342
122732774
124564607
126396439
128228272
130060104
131891336
133723763
135555601
137387434
139213268
141051093
142882331
144714764
146546596
148378423
150210261
152042093
153873326
155705758
157537591
159363423
161201256
163033088
164864321
1EEEIEYH3
168528585
170360418
17219225
174024083
176856315
177ER7748
17951358
181351413
183183245
185015078
18684631
188678742
190510575
192342407
19417424

1500426528
1500426528
150042652.8
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
150042652.8
1500426528
1500426528
150042652.8
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528
1500426528

1566238
1566238
1666238
1866238
1566238
1666238
1866238
1hEE238
1566238
1866238
1666238
1566238
1566238
1666238
1566238
1566238
1666238
1566238
1566238
1666238
1566238
1566238
1666238
1566238
1566238
1666238
1566238
1566238
1666238
1866238
1566238
1666238
1866238
1hEE238
1666238
1866238
1666238
1566238
1566238
1666238
1566238
1566238
1666238
1566238

Acoustic Validation Calculations
Frequercy [k Angular Freque “Wave Mumb Flexural Rigic Tau Top  Taw Bottorn Le Tau Bottorn Ric tau

B598881.851
3052415835
9535161.02
013867373
0714579.04
T324572.88
1970424.22
1265397726
1337715366
1414195479
1495046404
1580424915
16707364.53
T7EB0353.7
1866625171
13727587.504
20246986.65
220271735
23270374.06
2453131841
25961243.41
27413835.29
2894203234
3055052768
3224137194
340186761
35886174.26
37947726.53
3330732184
4206908096
44337259.32
467162501
4921058715
018249431
5456415739
57433189.39
E0437171.56
E3561387 57
£6571280.59
70312456.43
791068688
7767131293
G1E02248.4
857078271

1.38095E+11
135413E+T1
13855E+11
138486E+11
138Z25E+1
137763E+11
137098E+11
13623E+M1
13518EE+T1
133877E+11
132333E+1
130704E+11
128812E+T1
T2E71BE+T1
124425E+11
1T21336E+T1
119254E+11
1IE385E +11
1T13334E+T1
1I010EE +11
10E70RE+11
1O0343E+TT
93435337122
95579129482
1588476296
B747h227 246
H3251526985
78330503603
74526237425
054090127
55530134184
E03717 82642
BE397E19210
51826935606
4728027658
427316595783
38352306781
34017460556
23903075043
26736418645
21846142882
18162315465
14716453620
15415867772

11341E-05
11314E-05
11304E-05
11309E-05
1133E-05
11368E-05
1423E-05
1436E-05
11887E-05
1IB98E-05
11823E-05
11982E-05
12155E-05
1.2358E-05
12585E-05
1.2843E-05
13131E-05
1.3455E-05
13817E-05
14222E-05
14E74E-05
1518E-05
15747E-05
1E382E-05
1.7095E-05
1.78358E-05
1.8805E-05
19534E-05
2.005E-05
2.2344E-05
2.3985E-05
2.BERAE-05
2.7747E-05
2019E-058
3.3085E-05
3.E561E-05
4.0774E-05
4 B95EE-05
0.2435E-05
E.OE31E-05
7. M52E-05
8.5863E-05
000010554
0.0001347

Figure App. A-11: Mass law TL validation for case 2 slab using Excel.

The TL values were then grouped by 1/3 octave band frequency

For 500 Hz:

Lower bound =

49.4535
43,4637
43,4673
49.4658
43,4576
43,4431
43,421
43,3345
49,3602

43,319
43,2706
43,2149
431516
43.0804
43.0072
48.9134
43.9169
438,712
48,5353
48.4705
48,3345
48,1872
43.0281
478564
47,6714
47.472
472572
47.026
46. 7763
46.5084
46,2138
45,908
45,5678
45,2013
44.8033
44.3698
43.8362
433766
42,8038
42,1684
414538
40,6677
39.7535
38,7062

Y3 Fregz TL [dE)

B3
a0
00
125
160
200
250
kL=
400
500
£30
200
1000
1260
1600
2000
2500
3180
4000
5000
£300
5000

1
§0ctave center frequency

21/6

49.43633689
4842726373
34.58520833
30.9038370
59.93140521
£8. 7050653
76.15504782
23.02742885
89, 70825543
9580328449
102.0189175
1083761718
1142432166
120.1143443
1265680958
132.4053438
138.2270556
144. 2577644
1504305138
156, 3035645
162.3316703
1672220976

1
Upper bound = (§ octave band center frequency) x 21/6

Lower bound =

500 Hz
21/6

= 445 Hz

GH Model = 445 Hz
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5E.5795
5E.8163
5. 5509
57.0835
572142
57.3428
57 4696
57.594E
]
57.5393
57.9591
5B.0773
58,1939
58,3089
5B.4225
58.5345
58 5452
58.7545
58.8624
58.9689
59.0742
59,7782
59.281
59,3826
59.483
55.5823
59.5805
59,7775
55.8735
55.9684
G0.0623
£0.1552
£0.2471
B0.3331
£0.4281
B0.5172
F0.6054
50.6927
B0.7791
B0.8647
50.9494
£1.0333
£111E4
E1.1388

572077
58,7862
£0.7153
52,6448

£4.836
. 7367
58,7008
707078
727682
74.7044
76.7149
78,7946
80,7296
82,6704
548125
86,7524
88.6893
90,6973

32773
34,7093
96.7186
38.2623



Upper bound = (500 Hz)(2'/®) = 561 Hz

GH Model =561 Hz

Excel was used to find the STC rating for Mass Law, which found STC-79

Figure App. A-12: Mass law STC validation for case 2 slab using Excel.

GH Model = STC-79

2) Analytical Transmission Model

Since no bottom rib, there is no rib contribution to flexural rigidity.

nr*  m(0.33m)*

- — 4
I, = 3 3 0.0046571m
GH Model = 0.006537 m* «=0.000978 m*
D= Ehg Estiffenerlstiffener
12(1 - VZ) Astiffener
_ (27500 MPa)(0.4 m)*(10002) s (27636.7 MPa)(0.000978m*)(10002)
- 12(1 — (0.15)2) 1m

= 150042625 + 27028692 = 1770700000 N * m

GH Model = 1.7707 x 108 N*m
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Assume f =500 Hz

_ (o) _

o) = 202 (kgsingyy2 +(wph-(2)kosing)*)

<2(%&)(343%)>2
sin (45°)
- 5 =1.7396x10%°
<<2(ﬁ2(;:3?)>+(0.01)(1'73737:;08)((9.159)(sin(45°)))4> +((3141.59)(1371 kg)—(l'z'l:);os)((9.159)(sin(45°)))4)
GH Model =1.7396x10%°
1
TL=10lo (—) =101lo (—) =97.596 dB
&\7 #\13044 x 107

GH Model = 97.596 dB

Excel was used to find the STC rating for the Analytical Model which was found to be STC-72.

i

Figure App. A-13: Analytical Transmission Model STC validation for case 2 slab using Excel.

GH Model = STC-72

Soundflow was not able to validate the results because the software is limited to rectilinear shapes.
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Validate Structural Model

Loading:
Live load = 40 psf (residential live load).

Convert to a uniform line load applied over the length of a rib: 40 psf x (6:';5) X (%) = 1312 plf

1kN/m

Convert uniform line load to metric: 131.2 plf X 8521766 B1F

= 1.9147 kN/m

Dead load = Slab’s self-weight at 10 sections

Convert to point loads applied at 10 sections along the length of a rib:

24kNx 0.4 +(2) 0.3 x(6m x( om )—864kN
m3 HMTA3 0.3m) 6 ribs) 10 sections)
Apply LRFD load combination: 1.2D + 1.6L

1.2D = 1.2(8.64 kN) = 10.368 kN
GH Model = 9.3702 kN

kN
16 = 16(19147—~) = 3.0635 kN/m

GH Model = 3.0643 kN/m
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Shear and moment envelopes were calculated based on the factored loading in Excel:

SpanLength B Fibs G
kurnber of Paoint Loac 10
niform Loac 19162 30643

Load Pairt JLengthPoint Loadlotal Load ™ Wu | Mu
0 0 1] 0 571323 0
1 0.6 3588 14266 457063 30.8513
2 06 9588 114266 342738 548476
3 0.E 9588 T426E 228532 719875
4 0.E 3588 T42BE 14268 822714
5 0.6 3588 114266 0 856334
B 06 9588 14266 -11427 82274
7 0.E 9588 TM426E 22853 719875
8 0.E 9588 T42BE 3428 B4.847E
3 0.6 3588 4266 -45706 308513
0 06 9588 14266 57133 ]
Surn: [ 1266

Shear Diagram

Shdar (KM

Position along span {per 10%)

Moment Diagram

Moment [Kh-mj

5]

2z 4 B B 10

Position aleng span (per 10%)

Figure App. A-14: Shear and moment validation for case 2 slab using Excel.

The steel reinforcement for the flat slab was selected to be one (1) #9 bar. Therefore, A, = 645 mm?

Reinforcement ratios were found for the structure at one section:

1m 2
As (645 mm?) (1000 mm)

P =p,d " (0.2462 m)(0.7 m — 0.038 m)
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Pmin = larger of

fy

) fy_

Pmin = 0.0037646

Pmax =

0.25\/f. 1.4 _ 0.25V40 MPa

420 MPa

0.319f", _0.319(40 MPa)

= 0.0037646,

fy

420 MPa

420

= 0.030381

1.4
—— = 0.003333,

Since, ppin = 0.0037646 < p = 0.0039574 < p,,q = 0.030381, the slab meets the ductility

requirements.

GH Model Confirms the calculations

Excel was used to find the reinforcement ratios at all other sections:

Section [ As[m™2][Ag[m™2][bw " d[m™2]] rho  [rhe max] rha min] tho mas [2error] | tho min (3 errar]
1 0000645 0564435 0160108672 0.00403 0232 0.00376 32 BI68ET/6 F.009346M2
2 0.000R45 0664523 0B0R47R4 000407 00232 000376 32 6351033 B.BR039735
3 0.000R45 066517 0E13224 0004 00232 000376 a2 74714603 B.3302582584
4 Q000645 0565476 061061762 000253 00232 0.00376 82 78302621 B.04749633
i 0000645 0565742 01R193513 000398 00232 000376 32 83269971 5802986435
G 0.000R45 06ERIGE  01RZ25283 000338 00232 000376 32 BERE205R R.B9RTFI257
7 0000645 06ER1S 0162513056 000337 00232 000376 32 89374975 R 426731762
a Q000645 0BBE293 06271629 000256 00232 000376 22 9151156 5296052897
9 0000645 056R395 0162861268 000336 00232 000376 3293032445 5. 201319953
10 0.000R45 06ER45E 0162948652 000336 00232 000376 3293347335 R.144903347
1l 0000645 066R4YE  0IB297778 000336 00232 000376 32 94252747 B 126112055
12 0000645 0566456 0162948652 000256 00232 000376 8293347835 51449032947
13 0000645 056R395 0162861268 000336 00232 000376 3293032445 5. 201319953
14 0.000R45 06ERZ93 0RZ7VI629 0003368 00232 000376 32 3151156 h.295052857
15 0000645 06ER1S 0162513056 000337 00232 000376 32 89374975 R 426731762
& Q000645 05ER96E 016225289 000252 00232 000376 82 BeE32056 5585773297
17 0000645 0565742 01R193513 000398 00232 000376 32 83269971 5802986435
1a 0.000R45 06ERAYE  061BRTFRZ 000335 00232 000376 32 73302621 6.04743633
=] 0.000R45 066517 0E13224 0004 00232 000376 a2 74714603 B.3302582584
20 Q000645 0564823 016064754 000402 00232 000376 82 6951022 B.E5033735
21 0000645 0564435 016008672 0.00403 00232 000376 32 BI68ET/6 F.009346M2
Figure App. A-15: Steel reinforcement ratio validation for case 2 slab using Excel.
A flexural analysis was performed along the length of the rib:
085 — 0005 [ Z28MPa _ oc g5 OMPD) —28MPa_ , iog
hr=0. ' 7 MPa ' ' 7 MPa '
Af (645 mm?) (#)2 (420 MPa)
Y = mm = 0.010425m

€= 0.85f/b,,B; 0.85(40 MPa)(6 m/6 ribs)(0.76429)
Aq = Bych,, = (0.76429)(0.010425 m)(0.2462 m) = 0.0019616 m?
C. = 0.85f/A. = 0.85(40 MPa)(0.0019616 m?) = 66.696 kN

128



z=d—-A = (0.7 m —0.038m) — 0.0009808 m = 0.66102 m

Ccentroid

M, = Asfyz = (645 mm?)(420 MPa)(0.66102 m) = 179.07 kN * m
Since M,, = 179.07 kN + m > M,, = 85.699 kN = m, the slab meets the flexural requirements.

GH Model Confirms the calculations

Excel was used to perform a flexural analysis at all other sections:

Sechon | Az [m 2] Ag[m™ 2w = d[m™2]] rho  Jrha max] rho min] rhe max [Herror] | rha min (34 error]

1 0000645 0664435 01603672 000403 00232 000376 B2 B3EEETYE 7009946112
2 0000645 0564323 06064754 0.00402 00232 000376 82.6351035 £.65033735
3 0000645 056517 O06TI32124 0004 00232 0.00376 82, 74714603 6.330255284
4 0000645 06ER47E 0761561762 0.00393 00232 000376 8279302621 E.047459633
] 0000645 06BERFLZ 06193513 0.003398 00232 000376 8283269971 5802956435
E 0000645 0565366 016225283 0.003353 00232 000376 82.86632056 5.535779297
i 0000645 056615 0162513056 0.00337 00232 0.00376 8283374375 5426731762
8 0000645 06BE233 06271629 0.003396 00232 000376 82 9151156 5.295052897
3 0000645 06BE3AS 012861268 0.003396 00232 000376 8293032445 5201313953
0 0.000645 0566456 0162348652 0.00336 00232 0.00376 82.93347835 5144303347
1l 0.000645 0566476 016297778 0.00336 00232 000376 8294252747 5126112055

12 0.000645 06BE4SE 0162343652 0.00336 00232 000376 82.93947235 5144303947
13 0000645 06BE3AS 012861268 0.003396 00232 000376 8293032445 5201313953
L& 0000645 0566233 016271623 0.00336 00232 0.00376 82 9151156 5.235052897
15 0000645 056615 0162513056 0.00337 00232 0.00376 8283374375 5426731762
L5 0000645 06BRIEE 016225283 0.003398 00232 000376 8286632056 5.595779297
7 0000645 06BERFLZ 06193513 0.003398 00232 000376 8283269971 5802956435

13 0000645 0565476 0761561762 0.00333 00232 0.00376 8273302621 6.04743633
9 0000645 056517 O06TI32124 0004 00232 0.00376 82, 74714603 6.330255284
20 0000645 0664323 0R0E4754 000402 00232 000376 82.6951033 E.65095735

2 0.000645 0664435 01603672 000403 0.0232 0.00376 B2 B36EE17E 7009946112

Figure App. A-16: Flexural analysis validation for case 2 slab using Excel.

A shear analysis was performed along the length of the rib:
Minimum shear reinforcement was selected for the slab since shear does not control concrete slab design.

A,f,d
V, =V, +V, = 0.167,/f/b,d + %

(71 mm?)(420MPa)(0.7 m — 0.038 m)

= 0.167v40 MPa (1.0 m)(0.7 m — 0.038 m) + 3o

= 699.20 kN + 65.803 kN = 765.00 kN

GH Model Confirms the calculations
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Excel was used to perform a shear analysis at all other sections:

Section | Yu[kN][ Vs [kN] [WeT[kN]] W [kMN]] %2 Errar
1 -26.486 BR.BOZE BI9.205 YER.O03 278833
2 -23.838 BR.B0ZE B39.205 YER.O03 SW09.25
3 -21189 BhB023 B99.205 VEROOE 351041
4 -13.54 BRA0Z28 699205 YRR.O03 4026.13
al -15.8592 BRA0Z3 B99.205 VEROOS 471388
G -13.243 BRAB0ZE B99.205 VEROOE AEVE.EE
7 -10.594 658028 £99.205 YER.003 T120.82
g -7.9458 BR.B0ZE B99.205 VER.O03 9527 77
9 -5.2972 BR.AB0ZE BI9.205 VER.OOZ 143416
10 -2 6486 BR.BOZE BI9.205 YER.O03 237833
1 0.00001 658028 £99.205 T7E5.008 7.FE+09
12 264867 BRBOZE B99.205 YRROOZ 287833
13 h.29723 BRBOZE B93.205 YRROOE 143416
14 794585 BRABOZE 693205 YEROOZ 952777
15 10.5945 65,8028 £99.205 T7EL.008 F120.82
& 132431 BRB0ZE B99.205 VER.OOS SE7G.EE
17 15,8917 BRA0ZE B99.205 VEROOS 471388
1a 18.5403 BR.BOZE BI9.205 YER.O03 402613
19 211889 G£5.8028 £99.205 YEm.003 351041
20 238375 BRBOZE B99.205 YRROOZ 3MW09.25
21 264867 BRBOZE B93.205 YRR.OOZ 278833

Figure App. A-17: Shear analysis validation for case 2 slab using Excel.

It should be noted that all of the structural design checks were based on the rib geometry.

Minimum Floor Slab Thickness: 0.7 m > 0.2 m Passes

Minimum Flange Width: 22 = 0.75 m > ( ) (

6m
6 ribs

Clear Cover Check: 0.3 m > 2(0.038 m) + dj, Passes
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Appendix B

Sound Transmission Class Sensitivity Analysis

To evaluate what the objective space would show with the incorporation of coincidence frequencies
below 125 Hz, the STC frequency range was extended down to the one-third octave center frequency of
100 Hz. This was done by extending the STC contour down to 100 Hz. The acoustic objective sensitivity
analysis was investigated using both LHS and MOO. The results obtained are seen in Figures App. B-1 and
App. B-2.

40 ~
g 45
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[ [ ] @ GG
S g .
o 55 4 o-—..-...
R * e

[ ]
£ 60 -
c
® 65
|_
2 70
o
(% 75 Unqualified Designs
¢ Qualified Designs
80 I T 1 T 1
10000 20000 30000 40000 50000

Structural Mass (kg)
Figure App. B-1: The objective space obtained from LHS with the incorporation of 100 Hz into STC.
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Figure App. B-2: The objective space obtained from MOO with the incorporation of 100 Hz into STC.

As is expected, the region in the objective spaces when STC does not consider frequencies below
125 Hz flattens. The slabs that originally increased in acoustic performance now level out for both LHS
and MOO. The decrease in acoustic performance is because STC now considers the coincidence frequencies
experienced for all slab designs. Instead of the coincidence dip being excluded at the low frequencies, the
STC contour is now extended to capture this importance structural-acoustic characteristic.

The results of this sensitivity analysis show that the frequency range that STC incorporates does
not fully quantify a structure’s acoustic performance of sound transmission. An extension down to the one-
third octave center frequency of 100 Hz was able to capture the coincidence dip, but does it capture the full
coincidence region? It is conceptually unlikely that an STC extension down to 100 Hz is the best solution
to quantify acoustic performance. To fully evaluate a shaped concrete slab’s acoustic performance, an

acoustic metric needs to be investigated at lower airborne frequencies in addition to structural-borne sounds.
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Appendix C

Angle of Incidence Sensitivity Analysis

The angle of incidence is the angle that an incoming sound wave makes with the normal angle of a
structure as seen in Figure App. C-1. In the body of this thesis, the angle of incidence was held constant at
45°, This was to limit the number of variables that was manipulated in the simulations so that broad
structural-acoustic behaviors could be identified and understood. With a foundation of structural-acoustic
trade-offs for shaped concrete slabs now established, a sensitivity analysis was performed on a variety of
angles of incidence. As mentioned in Section 3.3, the analytical transmission model is dependent on the
angle of sound incidence. Therefore, LHS and MOO were conducted to investigate how the angle of
incidence impacted the objective space. The angles that were investigated were 0°, 30°, 45°, 60°, and 85°,
which provided a broad range of incident angles that could interact with a structure. Lastly, the transmission
coefficients were found from 0° to 85° at intervals of 5° and averaged together to evaluate the objective

spaces over a large range of angles.

Incident Sound

Figure App. C-1: Angle of incidence of an incoming sound wave.
First, LHS was investigated at the five angles of incidence. To provide context for 0°, 30°, 60°, and

85° angles, the objective space found from sampling at an angle of incidence of 45° is provided from

Chapter 4. The figure displays the qualified and unqualified designs against each other.
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Figure App. C-2: The qualified objective space at angle of incidence of 45° using LHS.

Since the analytical transmission model is dependent on the angle of incidence, it is expected that

the objective space for the other four angles contrasts to the objective space found previously.
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Figure App. C-3: The qualified objective space at angles of incidence of 0°, 30°, 60°, and 85° using LHS.

Figure App. C-3 indicates that the objective space drastically changes based on the angle of
incidence. In general, as the angle of incidence increases, the number of qualified designs increases.
Additionally, the qualified designs have less mass as the angle of incidence increases while maintaining
acceptable to great acoustic quality. Another note is that the 0° objective space resembles the results of
evaluating structural mass and STC using mass law, suggesting that evaluation at just 0° does not capture
a shaped slab’s full airborne acoustic performance.

The 45° objective space suggests a good median when investigating a single angle of incidence, as
it indicates the general structural-acoustic logarithmic relationship while showing that the shaped slab’s

airborne acoustic performance can dramatically increase when the coincidence region is not fully captured.
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Yet the 45° objective space does not fully indicate a shaped slab’s acoustic performance, especially for
shaped slabs with low structural mass. Therefore, sampling was run while averaging the transmission
coefficients over a range of incidence angles from 0° to 85° at intervals of 5°. It is important to average the
transmission coefficients obtained at each of the angles as transmission loss values cannot be linearly
averaged due to the logarithmic relationship between the transmission coefficient and transmission loss

values.
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Figure App. C-4: The qualified objective space at a range of angles of incidence from 0° to 85° using LHS.

Figure App. C-4 indicates that the structural-acoustic relationship is logarithmic, as suggested at
lower angles of incidence. Additionally, when a range of angles of incident are considered, the qualified
designs in the objective space do not drastically increase in STC once a specific structural mass is reached.
This feature is leveled out, but it does increase the overall acoustic performance for shaped slabs with lower
structural mass than previously found in the objective space using an angle of incidence of 45°.

To further evaluate the impact that the angle of incidence has on the objective space, MOO is used
to identify the best shaped slab designs. Similar to LHS, angles of incidence of 0°, 30°, 60°, and 85° were
assessed individually by MOO, and then a range of angles of incidence from 0° to 85° at 5° intervals was

investigated using MOO.
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Figure App. C-5: The qualified objective space at angles of incidence of 0°, 30°, 60°, and 85° using MOO.

Figure App. C-5 indicates that the objective space drastically changes based on the angle of

incidence to the same extent found by LHS. In general, as the angle of incidence increases, the number of

qualified designs increases. Additionally, the qualified designs have less mass as the angle of incidence

increases while maintaining acceptable to great acoustic quality. It is of particular interest that there is a

noticeable gap between low and high STC ratings when the angle of incidence is 60°. This could be due to

how STC captures the coincidence frequency or another phenomenon. Future research in each of the

objective spaces would provide more clarity on the most suitable single angle solution for evaluating a

structure’s transmission. Despite the differences seen in the above figure, an angle of incidence of 45°

appears to be a good median solution.
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Figure App. C-6: The qualified objective space at a range of angles of incidence from 0° to 85° using MOO.

Figure App. C-6 indicates that the structural-acoustic relationship is logarithmic when averaging
across a range of angles, as suggested by LHS. Additionally, when a range of angles of incident are
considered, the qualified designs in the objective space do not drastically increase in STC once a specific
structural mass is reached. This feature is leveled out, as found by LHS, but it does increase the overall
acoustic performance for shaped slabs with lower structural mass than previously found in the objective

space using an angle of incidence of 45°.
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